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ABSTRACT 
The Early Proterozoic Bandal batholith is a part of the Bandal gneissic conq)lex 
(BGC) which con^jrises of granite gneisses, phyllites, schists and quartzites. The 
Bandal bathoUth is conq)osed of granite gneisses and granites with associated apHtes 
and pegmatites. It crops out m the core of the Kulu-Ran^)xir tectonic window in Lesser 
Himalaya. The bathoUth is surrounded volcanosedimentary sequence (mature 
quartzites which are mterspersed with amphiboUtic rocks). The contact between the 
Bandal granitoids and volcanosedimentary rocks is tectonic in nat\u:e mdicating that 
the bathoUthic rocks are not in-situ intrasives into the volcanosedimentary rocks. 
The bathoUth was generated by successive intrusions that have imdergone 
different degrees of modifications by intemal processes. Besides pegmatites and aplitic 
phases, three geneticaUy related granite types ni the bathoUth were recognised. They m 
order of decreasmg age are: Coarse grained porphyritic gneiss (CPG), Fine grained 
gneiss(FG) and Leucogranite (LG). Among the three phases, CPG is relatively more 
mafic and a dominant vareity, whereas LG represents more evolved felsic vinit. 
Metasedimentary enclaves are widespread and comprise of quartzites and peUtic to 
psammopeUtic rocks. The basic amphiboUtic rocks also occur as enclaves m 
granitoidswhich generaUy do not show any genetic relationship with the host 
granitoids. Quartz, feldspars and micas are the dominating minerals of the granitoids. 
Biotite and tourmaline are the main mafic phases of the rocks. Zircon is a common 
accessory mineral which always include in biotite. Plagioclases are generally albitic to 
oUgoclase in composition. The granitoids faU in granite to monzogranite fields in the 
QAP diagram. 
In general, the granitoids have restricted sUica range (65-72 wt%), high AI2O3, 
alkalies and Rb and low MgO, CaO, Ti02, Pi^S^ Sr, Ba, Nb, Y and Sc. Inter-element 
variation diagrams reveal a near Unear trends for some of the elements Uke Fe203t, 
Ti02, Nb and Y, whereas scattered arrays are exhibited by elements like CaO, Sr, Rb 
and Ba. The molar A/CNK ratios (>1.05) indicate that the granitoids are peralmninous 
sub-alkalme to calc-alkaline m nature. Normative corundmn values are greater than 
1%. Their peraluminous mineralogy with higher normative corundum values indicate 
S-type characteristics of the Bandal granitoids. Lack of restite minerals, calcic 
plagioclase cores, and mafic mocrogranitoid enclaves argue against restite unmixing or 
two end member mixmg for the diversification of the Bandal granitoids. However, the 
geochemical differences in wdiole-rock chemistry among the three phases (e.g., 
lowering of HFSE and corresponding enrichment m LIL elements towards leucocratic 
varaeity) are best explained with crystal fractionation process. Fractionation of early 
formed mmeral phases Uke plagioclase, biotite + hornblende produced potassium and 
sihca rich residual melts characterised by high Rb/Sr, Rb/Ba and K20/Na20 ratios. 
The fractionation process also resulted in a relatively LREE enriched and HREE 
depleted patterns ((LaAT))jsj=14.74 - 83.88) with evolution of pronounced Eu 
anomaUes (Eu/Eu*=1.04 - 0.11) in granitoids. Heavy REE depletion (GdAT))N= 2.12 
- 15.6) may be attributed to garnet and/or zircon fractionation from the primitive 
magmas. The decreasing rare earth element concentrations with increasing 
differentiation index can be accoimted for fractional crystaUization involving accessory 
minerals which is the most widely cited process in the granitoids. 
The higher strontium initial ratios (^'^ST/^^ST= 0.7083 ± 0.0027) of the 
granitoids suggest a crustal source. Alumina saturation together with pelitic to 
psammopeUtic enclaves in the granitoids point to a metasedimentary protolith as 
source rocks for their generation. The crystallization sequence (biotite crystallization 
prior to alkaU feldspar) and fluid inclusion studies indicate that the granitoid magmas 
were nearly H20-undersaturated in the begining. Water saturation during late-stage 
crystallization is, however, radicated by coarse late-stage pegmatites. It is generally 
known that meUing of a pelitic-psammopeUtic protoUth imder anhydrous conditions 
could lead to minimum melt compositions and a strongly peraluminous residuum. The 
inferred P-T conditions together with the mineralogy of granitoids (perthite feldspars) 
suggest that the granitoids were en^laced into middle crustal levels (-15 - 20 km). 
Therefore for the Bandal S-type granitic magmas, an anatectic source region is 
postiilated, characterised by peUtic to psammopelitic regional metamorphic rock. Such 
rocks are not presently exposed in Bandal area. The mineralogy of the source rocks 
would most likely involve quartz, orthoclase, plagioclase, biotite, garnet, and + 
pyroxene. 
The amphiboUtic basic rocks occxir as enclaves within the granitoids. The basic 
rocks generally do not show any genetic relation with the host granitoids. Field 
relationship mdicate that they are the yoxmger mtrusions into the granitoids and are 
aUgned parallel to the Himalayan trend. Basic flows and associated dykes are abimdant 
in the Bhallan member which pertains to the volcanosedimentary sequence of the 
surrounding rocks of Bandal bathoUth. Geochemical signatures of Bandal basic rocks 
(intrusive basic rocks in Bandal granitoids+Bhallan volcanics) reveal that they are 
tholeiitic basalts with the intrusive samples showing more Fe-enrichment than the 
Bhallan volcanics. The basic rocks are enriched in incon^atible elements and LREE 
relative to Primordial mantle abundance. They have an equally distinct continental 
signature reflected in marked negative Nb, Sr, P, and Ti anomaUes in their mantle 
normaUsed spidergrams. 
The geochemical features like low Mg numbers, Sr contents as well as negative 
Eu anomalies suggest fi^actional crystallization. The large variations in incompatible 
element ratios (e.g., LaAfb, ZrAf, TiA") and sub-paraUel REE patterns of the tholeiites 
also suggest that crystal fi-actionation was dominant in the evolution of these rocks. 
The strongly fi-actionated (high LaAfT) ratio) REE patterns together with a Unear 
positive relationship on (LaAT))N vs. (La)N plot, indicate derivation through different 
degrees of melting of a common source. Some of the incompatible element ratios (e.g., 
Zr/Nb, ZrAf, NbAf, TiA') and muhi-element spidergrams indicate their enriched 
source characteristics. It seems most likely that the source was enriched through 
hydrous silicate melt phase followed by olivine and plagioclase fractionation. The 
cUscrimination diagrams depict a within-plate continental rifting tectonic setting for the 
basic rocks. 
Most of the geochemical characteristics of Bandal basics have been observed to 
be in harmony with the other Proterozoic basic rocks from the Lesser Himalaya 
(Ahmad and Bhat, 1987; Ahmad and Tamey, 1991; Bhat and LeFort, 1992). 
Particularly, the essential characteristic features Uke typical tholeiitic nature, overall 
low Mg numbers with chemical features mdicating the involvement of fractional 
crystallization are consistent with the geochemical signatures of Rampur volcanics that 
exist in the southern part of the Bandal bathoUth. 
After carefiil examination of the existing models and the results of present 
work in Kulu-Rampur region the following scenario emerges: 
1. Field and geochemical characteristics of the intrusive basic rocks in Bandal 
granitoids and basic flows associated with Greenbed and Bhallan members have 
striking similarities with the Rampur volcanics, which represents a part of volcano-
sedimentary sequence of the surrounding rocks of Bandal batholith. 
2. Since the basic rocks intrude into the granitoids, the basic rocks are obviously 
younger than 1840 Ma Bandal suite. Thus it can be inferred that the Bandal granite, 
which is older than the surroimding volcano-sedimentary rocks, is considered to be a 
basement rock for the surrounding sequence. 
3. The absence of granite tongues , aphtic or pegmatitic veins in the surrounding 
Manikaran quartzites and the presence of sheared contact between the two strongly 
supports the basement nature of the Bandal granite. However, the tongue Uke bodies in 
the Manikaran quart2dtes which were shown in Sharma's (1977) map are interpreted as the 
splays resulted because of thrusting of the Bandal granite over Manikaran quartzite. 
Similar conclusions have been observed m the adjacent Wangtu Gneissic Complex 
(ICK-Sharma, person, commun., 1996), where the Wangtu gneisses form the basement 
rocks for its surrounding volcano-sedimentaries. 
4. In the light of above mentioned observations, it appears that the 2.5 Ga age of the 
Rampur volcanics (Bhat and LeFort, 1992) needs to be re-examined. However, based on 
the present studies, it may be inferred that the volcanic activity in Bandai area (including in 
Bandal granitoids, Bhallan member and Rampur area) has taken place around 1200 Ma. 
5. A tectono-magmatic model depicting the sequence of evolution of the Kulu-Rampur 
bek has been proposed here. According to this model, the strati^aphic sequence of the 
Banjar Formation is as follows: 
Banjar Formation, 
Bhallan Member 
Greenbed Member 
Manikaran Member 
Batidal GiasMte 
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CHAPTER! 
INTRODUCTION 
' The Himalaya, a part of the great arcuate Alpine-Hunalayan orogenic beU, is 
considered to be the highest and youngest mountain range in the world. Convexing 
towards south, the Hkoalaya extends over 2,500 km from NW to SE. In the northern side, 
Indus- Tsangpo valleys separate the main Himalaya from the Trans-Himalaya. Towards the 
south h is fringed by the very low Gangetic plain. The clearest and most impressive border 
of the Hunalaya range is its southern Umit towards its foreland ~ the Indian shield or 
Peninsular India. The Humlaya is divided, from west to east into three distmct regions : 
the Western, Central and Eastern Himalaya. From south to north, four major Uthotectonic 
physiographic belts or zones of varying width, each having its own geological history have 
been recognised. They are designated as the Outer or Sub-Himalaya; the Lesser or Lower 
Himalaya; the Greater or Higher Himalaya; and the Tethys or Tibetan Himalaya. Further 
north Ues the Trans-Himalaya which mcludes the Ladakh and Karakoram ranges. The 
iromense structiu^al studies in the Himalaya reveal distinctive tectonic architecture, 
hthostratigraphic and evolutionary history, episodes of magmatism and metamorphism of 
each of these belts (Thakur, 1992). Apart from the number of mmor thrust planes, the 
Main Central Thrust (MCT) which separates the Higher Himalaya from Lower Himalaya 
and the Main Boundary Thrust (MBT) which Ues in between Lesser Himalaya and tlie 
Sub-Himalayan Siwalik mollasse sediments are the important prominent thrusts formed 
due to the coUision of India with Asia during Tertiary tune. A general outline map of 
Himalaya indicating the major tectonic divisions and mafic and felsic bodies from the 
Himalaya is presented in Fig. 1. 
The Sub-Himalaya or SiwaUk beh, which represents the last active phase of the 
movement responsible for the lise of the Hknalayan mountain system, consists of Cenozoic 
sedimentary pile with a ruggedly youtlifrxl topography. The Sub-Hunalayan zone is devoid 
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of magmatic activity. The Lesser Himalaya possesses a remarkable miiformity of height 
between 2000 and 3000 m and is characterised by unfossiliferous Precambrian and 
Paleozoic sediments. The Greater Hhnalaya consists of 15-20 km thick slab of crystaUine 
rocks. This zone of crystalline rocks, known as the Central Crystalline Group (Gansser, 
1964), occupies the axial zone of High Hknalayan ranges. This zone is chiefly composed 
of Early Precambrian-Cambrian metamorphics that are intruded by Early P*roterozoic-Early 
Paleozoic and Middle Tertiary granitoids (Sharma, 1983). The Tethys Himalaya contains 
a complete record of fossiljferous sediments from Cambrian to Tertiary. The sediments of 
this zone exhibit essentially marine facies, characteristic of an environment reminiscent of 
shelf to slope of the Tethys sea regime which is m sharp contrast to the sedimentary facies 
of the Lesser Himalaya. To the north of the Tethys Hknalaya along the course of the upper 
Indus river is a tectonic belt comprising ophioUtes, flysch wedges and molassic sedhneuts. 
This belt is thrust towards south along the Indus Suture Zone (Gansser, 1964). 
The present work is mamly concerned m and around the Kulu valley of Lesser 
Hunalaya. The Lesser Hunalaya, sandwitched between MBT in the south and MCT m the 
north, is built up of Precambrian and Paleozoic rocks. This Lesser Himalayan zone is an 
intricate arrangement of ranges lacking geological control as a result of intense and 
repeated tectonic activity undergone by this region. The rocks m this region are more or 
less completely unfossiliferous with autochthonous to parautochthonous sedimentary 
sequence. Three major tectonic nappes have been demarcated m the zone that imbricately 
cover the complex and strongly folded and broadly anticUnorial autochthon of the 
Precambrian sediments. These Precambrian Lesser Hhnalayan sedknentaries are now 
exposed in windows and half-windows in the inner belt, but uprooted and involved in 
unbricate thrustmg m the outer sedimentary beU (Valdiya, 1984). These nappes consist of 
(i) the Precambrian-Lower Paleozoic sedimentary succession (Krol-Berinag nappes); (ii) 
the very low grade metamorphics associated with mylonitized and cataclastically deformed 
granitic porphyroid (Salkhala-Chail-Ramgarh-DaUng-Sachi sheets); and (iii) the mesograde 
metamoiphics (Jutogh-Munsiari) intruded by granite-granodiorite plutons. The present 
area of study i.e., Kulu-Rampur belt broadly covers the paraautochthonous crystalline 
basement rocks, its sedimentsry cover and a thrust sheet of the crystallines exposed in the 
Kulu-Rampur window and its surroundings in the Lesser Himalaya. The Kulu-Rampur 
belt, a tectonic window extending up to Rakti Dhar in the east and Dhauladhar range hi 
the west, is about a 100 km long Unear stretch trending in northwest-southeast direction. A 
window is an ejq)osure of the rock below a thrust sheet that is completely surrounded by 
rock above the thrust (Valdiya, 1984). In Kulu-Rampur beU, the younger 
volcanosedimentary sequence with a gneissic complex m its core is surrounded by thrust 
sheets of higher grade Jutogh-Chail rocks. 
The Bandal gneissic complex (=Bandal granitoids+ basic 
rocks+phylUtes+chlorites+schists and iaterbedded quartzites), which is exposed in the core 
of the Kulu-Rampur window, is the main focus of the present study. The gneissic 
con^lex, covering an area of about 500 sq km, extendmg from Garsah valley in the 
north to south of Sarahan in Sutlej valley is encompassed between latitudes 31° 30' and 
310 55' and 770 05' and 770 35' longitudes. The Bandal granite pluton is well 
developed in Shainshar, Shangarh and m east of Bandal. V.P. Sharma (1977) presented a 
comprehensive accoimt of the geology of Kulu-Rampur belt with particular reference to its 
stratigraphy and structure. 
1.1. Purpose of Study 
The Himalaya has been a source of mquisit to earth scientists for a very long tune. 
The growing mterest m the evolution of this mountam has prompted many Geoscientists 
to study the continent-continent coUisional orogenesis as a part of a complex set of 
processes actmg both beneath and on the surface of the earth. 
The occurrence of the granites, granite gneisses and migmatites make a spectacular 
feature of the Uthologies of the magnificent Himalayan moimtain. The phenomenon of 
granite as a widespread formation in the earth's crust, and particularly hi mountain ranges, 
has been a leading subject of discussion throughout the history of the science of geology. 
The role played by granitic bodies and the question of their origin remamed problematic, 
despite realization of their unique importance m stratigraphy and geometry of the orogens. 
Since the inception of the study on Himalaya very less work has been done on granites in 
particular. One of the mam reasons bemg most of the areas ia Himalaya has been 
inaccessible and hence remamed xmattended. Unhke the other areas, the Kulu-Rampur belt 
has been subjected to an mtensive exammation by various geoscientists auned at the 
ejq)loration and exploitation of economic potentials such as uraninite, silver, and copper . 
Because of the complex tectonic history of tlie region, the geology of Kulu-
Rampur belt has been imder debate for several years. The occurrence of number of shear 
zones and its proximity to the MCT has generated lot of mterest among structural and 
economic geoscientists. However, no attempt has so far been made to study the 
geochemical aspects of Bandal granitoids; geochemical data on the magmatic rocks of the 
area is rare. Detailed study on petrogenesis of basic and felsic rocks other than the mere 
Rb, Sr trace element contents of few rock samples (Thoni, 1977) has not been carried 
out.The impetus for this specific study on Bandal area arose fi^om a broader investigation 
of the characteristics of surrounding rocks of the Bandal bathoUth (Thoni, 1977; Sharma, 
1977; Bhat and LeFort, 1992; Rao et al., 1995). Then studies revealed large, remarkably 
systematic regional variation ui different Uthologies. 
The main purpose of the present study is to study the granitoids and associated 
metabasics with a view to understand then petrogenesis. Further, one of the unifying 
themes m the thesis is that the models, proposed for the tectonic evolution of the Kulu-
Rampur belt can be strongly constramed by the currently generated geochemical data. The 
study is also directed to document the petrological variations within the plutons of a large 
batholith, and with the purpose of formulatmg an internally consistent genetic model. A 
large number of geological data have been collected and these are discussed in the 
forthcoming chapters along with mformation on the field relationships and the 
characteristics of mdividual hthologies. Based on petrographical, geochemical studies 
combmed with field observations of Bandal granitoids and associated rocks the effects of 
the granite mtrusion, if present, would be clearly evaluated vis-a-vis the basement nature of 
the gneissic complex. 
Efforts have been made to establish the nature of basement for the Bandal 
gneissic complex by integratmg the aheady available facts and current observations. 
Different geochronological and tectonic studies of the surrounding rocks in Bandal area 
indicate that the meta-sedimentary rocks in which the Bandal granitoids were considered 
to be intruded are older. The age of the Bandal granitoids is assigned as -1900 Ma by 
Frank et al. (1977). Based on geochemical and isotopic studies Bhat and LeFort (1992) 
characterise the Rampur volcanics (part of the surrounding volcanosedimeutary sequence 
of the Bandal granitoids) as rift related contmental tholeiites and have assigned an Sra-Nd 
age of 2.51 + 0.09 Ga for these volcanic rocks. Behevmg that the above age of Rampur 
volcanics is correct, the scenario that emerges is that the 2.5 Ga volcanosedimeutary rocks 
are intruded by 1900 Ma granites. Obviously, under such conditions the marked effects of 
such a large granite intrusion on the surrounding rocks should be conspicuously seen in 
terms of contact aureoles and metamorphism, development of homfelsic texture etc. 
However, m contrary to these effects, the features like mtensive shearing, pulverisation of 
rocks and development of fold patterns which can be related to tlmisting, are observed 
at the contact. With the help of detailed field and geochemical studies, the present 
investigations have also been directed to workout an ahemative possibUity of the Bandal 
Gneissic Complex bemg the basement for the extensive development of mature quartzites 
and theh associated rift-related volcanics as a supracrustal volcanosedimeutary sequence. 
In this context, the detailed studies carried out by K.K. Sharma and his coworkers 
(Rao et al., 1995) m Wangtu Gneissic Complex (WGC) which is an adjacent area to 
Bandal Gneissic Complex (BGC) have revealed that the core part of the WGC is occupied 
by an Early Proterozoic (1895 + 64 Ma) granite body which has not been aflfected by 
Himalayan deformation. The mam Uthostratigraphic units of BGC, hke Early Proterozoic 
granites with abimdant aphtic and pegmatitic network and associated ampliibolitic 
mtrusives closely resemble with the adjoining rocks (i.e., WGC). With this in view, an 
attempt has also been made m the present study to correlate these two gneissic complexes. 
1.2. Geography of the Area 
The Bandal granitic bathoUth which hes m the Kulu-Rampur beU, is one of the 
most fascmatmg segments of the Himalayan arc. This belt forms a part of the western 
Lesser Himalaya and lies between the Dhauladhar range to the west and the Central 
Hunalayan range to the east. 
The area has striking features, such as diversified reUef with outstandmg high 
mountams, deep valleys, steep slopes, escarpments and cliff faces. There is a great 
variation m altitude firom 800 m above mean sea level near Luhri in Sutlej valley to more 
than 6000 m m Rakti Dhar area m Sainj valley. The great difference between the elevation 
of beds of the rivers and the height of the ridges suggests a very young immature 
topography and indicates a very young upUfl. It is the geology of the area which has a 
crucial role in the attractive topography of the area. The most resistant rocks like 
quartzites form precipitous cUffs and escarpments as in Jari-Kasol - Manikaran area m 
Parvati valley and Dalasni'Aut-Thalat section ia Kulu valley, whereas the less resistant 
rocks like slate, phyUite and schists form gentle to moderately steep slopes. 
The two rivers Beas and Sutlej drain the Kulu-Rampur belt and are separated from 
each other by the ridge connecting Augan Dhar with Jalori Pass which forms the water 
shed between these two rivers. The river Beas drains along the periphery of Bandal 
bathoUth. The Parvati river, the Hurla nal and the Sainj Khad which are the principal 
tributaries of the Beas, have carved out deep and narrow traverse valleys, often 
punctuated with water falls. 
The areas under investigation are generally thickly forested. The forests are mostly 
of oak coniferous. Important trees found in the area are pine, deodar, kail, oak, etc. At 
higher elevations, the vegetation is mostly of dry alpine sarup type and consists of only 
grass, herbs and shrubs forming broad and beautifiil lush green meadows and pastures. 
During rainy season these meadows bloom with beautifid multicoloured flowers. Being a 
richly forested area, the Kulu-Rampur belt is also endowed with wild and varied fauna. 
The area enjoys very pleasant and bracing temperate climate. The normal 
temperature during summer goes up to 20° C. Winter from October to March is severe 
and the area experiences moderate to heavy snow fall. Kulu is well connected with 
Pathankot, Chandigarh and Simla by metalled roads via Mandi. Kulu is also connected 
with Banjar by metalled road, which has been extended up to Luhri in Sutlej valley. 
Bhimtar, situated 10 km south of Kulu on Kulu-Mandi high way, is connected with 
Chandigarh and Delhi by a bi-weekly air service during summer and late autumn months. 
From Bhuntar a few other roads branch off to places like Manikaran and Garsah-Thela. 
Small roads connect Larji with Sainj in Sainj valley and Banjar with Bathad m Bathad 
valley. 
1.3. Methods of Study 
For a better uiiderstandiug of the tectonic history of the region and the 
petrogenesis of granites and associated rocks, the main tool that has been used in the 
present study is "Geochemistry". However, the other uiiportant aspects Uke structural 
data, field investigations, petrography, regional stratigraphy and metamorpliism have also 
been given due importance to obtam a comprehensive information about the study area. 
When incorporated into a tectonic model, their collective values become more apparent as 
each can provide better msights to a general model for the tectonic evolution of an area. 
1.4. Previous Work 
Hayden (1908) produced the first ever geological account of the Northwest 
Himalaya. The first geologist to explore in detail the Kulu-Rampur region was Auden. 
During his investigation, he made number of traverses in the region and made certaui 
interesting observations. Agam it was Auden (1948) who's pioneering work indicated the 
existence of tectonic windows at Larji in Beas valley. The subsequent studies by 
Berthelsen (1951) and Jhingran et al. (1952) have confirmed the earlier observations by 
Auden and added that these tectonic windows also extend to Rampur area m Sutlej valley. 
Shukla and Srivastava (1957) in their investigations along Kulu-Larji-Banjar road, have 
suggested that the Kulu-Aut-Larji-Banjar area is covered by the Chail series consisting of 
phyUite, slate and calcareous quartzites. The dolomite limestones exposed near Larji were 
considered as calcareous quartzites by these workers. 
Dass and Srikantia (1962) mapped the area lying on either side of Bhuiitar-Banjar 
road. They have divided these rocks into: (i) Larji and (ii) Banjar series. According to 
them, the Larji series mauily consists of massive dolomites with rarely interbedded pink 
limestone and quartzite; subordmate slate and chlorite occur as tectonic' window 
surrounded by the Chail series in the west and Banjar series m the east. A part of the 
Parvati valley has been mapped by Sehgal (1963). He divided the rocks of Parvati valley 
into: (i) the quartzite phylhte series called as Jari series and (ii) the schistose series. 
According to Dass (1964), the group of rocks comprising slate, phylhte, massive 
quartzite, conglomerate and conglomeratic quartzite etc. exposed in Naraul-Gobha area 
form part of the Banjar series. Venugopal (1964) proposed that the Larji series which 
occurs as a 'window' between the Chail and Banjar thrust, extends up to Mahul Kliad, 3 
km north-west of Buntar. According to him^ the carbonaceous phylhte with bands of 
hmestone forms part of Larji series. 
Gansser (1964) has shown m his map that the Kulu-Rampur area is covered by 
Salkhalas and Jutogh rocks. All these rocks have been assigned Precambrian age by him. 
Larji and Banjar area was mvestigated by Singh (1965) who beheves that the younger 
Shah formation forms the tectonic base over which two nappes are superposed one over 
the other. The upper nappe consists of Sarahans (Jutoghs), Chails and Jaunsars. The lower 
nappe is con^osed of Chodhs and Tarale Formation. Kathiara (1967) mapped the Bathad-
Sarahan area and divided the rocks into three units namely: (i) the Rampur series (ii) Chail 
series and (iii) the Jutogh series. AU the three series form independent tectonic units which 
are separated from each other by thrust planes. According to him, the Bandal gneisses 
belong to Jutogh series and are thrust over the Rampur series. Petrofabric analysis of the 
Bandal gneisses were carried by Parthasarathy (1967, 1969). His'work mdicate that these 
rocks are characterised by F, F/1, F/2 and F/3 fabrics where the F and F/1 fabrics are 
superiir^osed by F/2 fabric. The F/2 fabric is the resultant of tectonic stress which resulted 
in the introduction of new mmerals like potash feldspars as porphyroblasts. Tliis was 
followed by F/3 fabric which represents the cuhnination of the processes m the formation 
of the gneisses. 
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Extensive geological information about the area has been accumulated during the 
work carried out m early seventies. Significant contributions iaclude investigations of 
Dass and Srikantia (1972), Bhargava et al. (1972) who have contributed mainly towards 
Uthostratigraphy, structure and tectonics. In the year 1977, a group of German 
geoscientists have investigated a part of Kulu-Rampur window, particularly in the Kulu 
valley (Frank, 1977; Thoni, 1977). They have given more emphasis on geology, structural 
evolution and metamorphic zoning in the Kulu valley but very Uttle has been discussed 
about the geochemistry. Their observations mdicate that the Crystalline nappe 
overthrusted above the relatively less metamorphosed sequence of the Larji-Kulu-Rampur 
Window. At the base of the Crystalline nappe a very thin rock sequence with a special 
Uthology has been observed on a regional scale. They call this as 'Bajaura nappe' and 
consider it as a separate unit. 
Sharma (1977) has mapped about 2,500 sq km area and has given a 
comprehensive accoimt of the geology of Kulu-Rampur belt. He brought out a 
consoUdated geological account of this httle known area, where geological work has been 
sporadic; he also estabhshed a standard stratigraphic sequence. Further studies (Bhargava 
and Ameta, 1987) indicate that the Rampur Window, which was earher considered to be 
closed at NogU in southeast, extends up to Karcham in the Sutlej valley. 
Followmg an introductory chapter on Himalaya, each chapter is devoted to a 
specific subject of study. Pertment tectonic models and different concepts of the area are 
reviewed, all the available data are summarized. The second and third chapters review 
geological background and petrographical characters of different rock units, respectively 
and these two unportant topics are integrated throughout the rest of the thesis. The final 
three chapters are based on geochemistry that deals with the petrogenesis and tectonic 
setting of the area. By applying all of the preceeding material, a tectono-magmatic model 
for the evolution of the Kulu-Rampur area is presented . 
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CHAPTER-n 
GEOLOGICAL SETTING 
The Bandal area is located in the Kulu district, western part of the Lesser 
Himalaya. The Bandal granitoids are exposed in the core part of the Kulu-Rampur 
tectonic window within which there is yet another tectonic window, the Larji 
window (Fig. 2.1). 
2.1. Regional Geological Setting 
The regional geology of the area under discussion is complex and essentially 
comprises of sedimentary rocks, volcanic and plutonic igneous rocks and 
metamorphics of different grade and chronology. The rocks of the Kulu-Rampur 
window were earUer referred to as Rampur series by Jhmgran et al. (1952) and 
Banjar series by Dass and Srikantia (1972). However, a more comprehensive and 
acceptable stratigraphic sequence is documented by Sharma (1977) for these rocks. 
Although these rocks do not occur in the same order of superposition as described 
by Sharma (1977), however, the same terminology has been widely used by the 
subsequent workers. The regional stratigraphic sequence, after Sharma (1977) is 
given in Table 2.1. 
Field descriptions 
A brief description of the stratigraphic sequence may provide some valuable 
information for better imderstanding the regional geological setting of the area. 
Among the three formations, the Jutogh Formation is considered to be oldest by 
Sharma(1977) who assigned the Formation an age of Precambrian-Silurian. Since 
the rocks in the region are predominantly unfossiliferous, correlation of various 
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Table 2.1. 
Larji Formation ^ 
Alluvium 
Basic Intrusives 
Aut M e m b e r : g^y,massive a n i g r i t t y 
dolomite, ami limeslone 
Hur ia M e m b e r : Pink,white ajid greyish 
massi\'c quaxtziie 
N a r a u i M e m b e r : slate,phyllite,massive 
quarti i te, cojiglomerate, 
limestone and dolomite 
Banjar Formation^ 
B a n d a l Gran i t e : fine to coarse grainedporphy-
ritic granite gneisses •H'itk 
bands of basic and quartzitic 
]itaterial 
- B h a l i a n M e m b e r : slates andphyllites ^\-iik 
basic schists and quartziles 
G r e e n b e d M e m b e r : grecnbasic schists , massix'e 
traps witlibands ofquartzite 
and piiyllite 
M a n i k a r a n M e m b e r : wliile,grey andbandcd 
quartzitc mil l basic rocks 
Jutogh Formation-.^-
• K h a m r a d a M e m b e r : carbonaceousphyllites 
andmassrire limestones 
• Gahr Member 
Kulu Member 
: banded gneisses Matli 
ptj-gmatic folding 
: piiyllite, quartz-cldo li te 
andbiofite schist and game-
tilierous tj-emolitc sciust 
Cent ra l G n e i s s e s : inlcrbeddcd gneisses and 
a n d S c l u s t s scJdsts ^sdtli bands of 
quarfzile, and gametiferou« 
kj'anile-sillimanite sciust 
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rock formations are mainly based on lithological resemblance and grade of 
metamorphism However, since 1980 some geochemical data on a few granitic 
gneisses has provided better insight into the problem The Jutogh Formation 
Sharma (1977) is refered to as the Salkhala Group of rocks by Bhargava and Ameta 
(1987) who divide this group into three divisions, namely Kulu Formation (top), 
Gahr Formation and Khamrada Formation (bottom). Smce Salkhala Group in 
Kashmir forms the basement for the Precambrian-Cambrian Dogra slates, Bhargava 
and Ameta (1987) regarded these rocks also as Precambrians. All the members of 
Jutogh Formation have conformable contacts. 
The principal Uthounits of Jutogh Formation include phylhtes, schists, 
quartzites, carbonaceous phylhtes, recrystallized dolomites, augen gneisses and 
gametiferous kyanite-sillimanite schists. The greater part of the metamorphics of 
this formation seems to have been derived from a thick series of clayey-sandy 
marine sediments. Although the deeper marine regions can be considered the most 
probable depositional environment, the rarely preserved sedimentary structures, 
however, funiish evidence of a shallow-water deposition (Thoni, 1977). The schists 
generally contain varying amoimts of chlorite, muscovite, biotite and other minerals. 
The plutonism is represented by both discordant and concordant nature of granitic 
bodies. The principal types of granitoids occur are, porphyritic augen gneisses, 
medixmi grained augen gneisses with markedly lensy-deformed feldspars and biotite 
free leucocratic granites. The rocks of Jutogli Formation are well exposed to the 
west of Larji, particularly on Thalat-Pandoh section of the Mandi-Kulu road where 
they occur in a synform. From Kulu, the Jutogh Gioup of rocks extend soutliward 
along the strike across the Sutlej river towards Narkanda and Matiua. They fiirtlier 
extend southeast into Kumaun where h is called the Munsiari Formation at the base 
of the Higher Hunalaya (Valdiya, 1980). 
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2.2. Local Geological Setting 
The Banjar Formation has been placed between Jutogh and Larji Formations 
by Shanna (1977). This formation has four Uthological units, viz. Manikaran 
quartzite, Greenbed member, Bhallan member and Bandal granite. The present 
study is mainly on the Bandal granitoids (upper member of the Banjar Formation) 
and mafic rocks associated with various members. 
The field observations coupled with the available radiometric ages for a 
few granitoid rocks do not correspond with the order of superposition of different 
members of the Banjar Formation as proposed by Sharma (1977). 
2.2.1. Manikaran Quartzite 
The Manikaran quartzites, named after the type locaUty in Parvati valley, are 
profiisely developed rocks forming high ridges and cliffs because of their resistant 
nature. These quartzitic rocks of varying thickness have been traced all around the 
Bandal bathohth. They are characteristically white to pale-white, well bedded, 
highly jointed and cross-bedded medium grained massive rocks which are 
interbedded with basic flows. At the contact of quartzite and Bandal granitoids, the 
quartzite is of pale green colour (fiichsite) which may be attributed to the presence 
of chromium bearing mica in the quartzite. The typical exposures of the Manikaran 
quartzite are persistently seen at Manikaran-Kasol area in Parvati valley and Lapah 
area in Sainj valley; An extensive exposure of Manikaran quartzite having a width of 
about 15 km across the strike forms a watershed between the Parvati river and 
Hurla Nal. 
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The Manikaran quartzites have consistent thin bands of black material 
(haematite ?) throughout the sequence. At several places, hke Raoli, Thela in 
Garsah valley and Gushaini m Sainj valley, the black haematitic material occurs in 
patches of varying width. The consistent development of the black bands in the 
quartzites may be related to syn-sedimentary phenomenon. A number of hot springs 
occur in the quartzites at its type locaUty (i.e. Manikaran). Hot water (about SQOC) 
gushes out through the jomt planes of the quartzite which is traversed by numerous 
tension joints. These hot springs are located in a tectonically disturbed area and are 
free from sulphur content (Sharma, 1977). 
The quartzites are traversed by a number of shear planes. Several such 
shear planes were encountered at Thela, 2 km short of Raoh village in Garsah 
valley. The general trends of shear planes are NNW-SSE (varying from NS^W-
S50E to N370W-S370E) dkection and dip at 580 to 730 northeast. Metabasic 
flows are interbedded with quartzites. Some of the flows are vesicular and 
amygdaloidal in natwe. The sedimentary structures, such as ripple marks and cross 
bedding can be observed at many places in the quartzites. These sedimentary 
structures indicate high energy coastal environmental conditions of deposition of 
these rocks. The quartzites are physically in contact with Bandal granitoids; the 
contact is tectonic in nature. 
The contact relationship between quartzites and granitoids has been 
observed at RaoU and Manihar village m Garsah valley, at Ropa and Lapah on 
Shakti-Lapah footpath in Sainj valley and at Nagni itt Bathad valley. At Ropa, a 10 
m wide shear zone exists between quartzites and granitoids which is characterised 
by intesively deformed rocks resulted in number of shear planes and higlily 
pulverised rocks (Fig. 2.2). The shear zone between quartzites and granitoid rocks 
is ductile in nature in accordance with the classification of shear zone proposed by 
Ramsay (1980). Shearing effect is more pronounced in interbedded basic rocks than 
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in quartzites where the basic rocks have become talcose and powdered. Structural 
observations at the contact suggest that small scale mesoscopic fold patterns are 
generally developed in granite gneisses. The Fl folds are assymetrical, overturned 
and inclined to nearly upright, doubly plunging 200-25° towards NNE and SSW. 
Some inclined folds with a plunge of -65° towards NE have also been observed. 
Because of the development of these folds, the earUer schistosity in the quartzites 
was folded, thus SQ has become parallel to Si. Axial plane foUation has developed 
in the gneissic rocks that occur close to the folds. The development of crenulation 
cleavage in gneissic rocks (with high angles -75° NE/NNE) is a characteristic 
feature observed at the contact zone. A pegmatite phase has intruded along the 
axial plane of the fold (Fig. 2.3). The pegmatites are also folded by a later phase of 
deformation. Recrystallization of quartz along the axial planes of minor folds is a 
common phenomena. The down-dip stretching Uneations with plunge of 45°- 55° 
towards ENE are also present associated with the shear zones. Diagrametric 
representation of the folding patterns with some related features are shown in the 
Fig. 2.4. 
The observed features most likely represent a thrusting event. The rocks 
were probably subjected to more than one deformation which is manifested in the 
form of superin^osed folds at the contact. It can be inferred that the Bandal 
gneissic rocks have a thrusted contact with Manikaran quartzites. The sense of 
movement of the thrust (S.S. Bhakuni, person.commun., 1995) suggest that the 
Bandal gneissic rocks have thrusted over the presently surrounded volcano-
sedimentary sequence. In contrary to the earUer views, the present observations 
imply that the Bandal plutonic body is not an in-situ intrusive body but has travelled 
from the deeper part and rests over the volcano-sedimentaries at the present 
position. 
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Fig. 2.2. Macroscopic defomiational features in a shear zone near Raoli village in Garsah 
valley. Note the intensive deformation resulted in pulverisation of rocks. 
Fig. 2.3. Pegmatite intrusion along the axial plane of a incUned fold near shear zone. 
Development of axial plane foliation in granite gneisses can be noticed. 
LLI 
U-, 
o 
on 
>. C3 
o N 
a 
<u 
C3 
in 
B 
m 
S 
<4- l 
o 
r ^ 
o 
•^ 
ra 
• * - » 
5 
l-H 
O . 
OJ 
i - i 
o 
C3 
g 
s rs 
fo C5 
Q 
T f 
CN 
DC 
b 
"O 
.3 
a! 
feb 
« 
^ 
^ 
o fe 
b" 
^—1 
t; C3 
3 O* 
C3 
•a 
s 
tv 
cr 
2 
-d 
w 
+-* CJ 
o 
'•B 
* • " • 
o CO 
1 — 1 
ea 
CO 
3 (/i 
< J CO 
'—• hr •i—t O i , 
20 
2.2.2. Greenbed Member 
The prominant greenish colour of the basic rocks is the main reason to 
name the rock unit as the Greenbed member. They generally occur as volcanic 
flows. In addition to the para-contemporaneous flows, relatively fresh basic dykes 
and sUls also have intruded the metasedimentary rocks. Interflow thickness varies 
from 3-5 m to 15-20 m. The flows are vesicular and amygdaloidal in nature; the 
amygdales are generally filled with quartz, epidote and muior amounts of calcite. 
The basic rocks are fine to mediimi gramed and amphiboUtic in composition. The 
relatively thinner flows are aphanitic, whereas the thicker flows show grain size 
variation from margms to central parts. The thickness of basic flows increases in the 
upper part of the Manikaran quartzities. 
An extensive outcrop of these basic rocks occur as persistent beds which 
are interbedded with quartzite and phylUte. They are exposed towards south of 
Banjar and in the Rampur areas.. At the contact of volcanics, the quartzites have 
become pale green in colour which may be ascribed to the fiichsitization of the 
quartzite. At Thela in Garsah valley, quartzite boudins have been observed in the 
basic rocks. Boudinage (sausage) generally develops because of the differences in 
the physical properties of rocks deformed in the same environment. The stretching 
of a competent quartzite layer enclosed in a relatively incompetent volcanic rocks 
might have resulted ui the boudinage structiires. The intimate association of the 
basic rocks with metasediments suggests a contemporaneous evolution of volcanic 
rocks in a basin along with sedunentation. The occurrence of mked nature of clastic 
sediments from argillaceous to coarse arenaceous hi the volcanic rocks probably 
suggests that the basm was shallow (Bhat and LeFort, 1992). 
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2.2.3. Bhallan Member 
The Bhallan member comprises of predominant metasediments with 
subordinate metabasics. Pale-brown slates, phyllites and massive quartzites that are 
characterised by ill preserved multiple ripple marks and current bedding are some of 
the striking features of this member. The best development of these rocks can be 
seen m Bhallan village (type locahty) m. Samj valley, at Garsah village m Garsah 
valley, in Sainj-Kharatla section of the Sainj-Larji road, Bah-Banjar section and 
Bhuntar-Sarsari section in Parvati valley. 
The phyllites are silver white, grey, brown and greenish in colour. The 
interbedded quartzitic rocks are generally wliite, hard and massive comprising of 
mamly quartz. It is very difficult to distmguish between the quartzites of Manikaran 
member and Bhallan member at the contact of the two miits. Some of the thinly 
bedded argillaceous quartzites spht into thin slabs of big size which are commonly 
used for roofing and flooring purposes by the local people. About 2 km short of 
Sainj village along Larji-Samj road, quartzites+phyUites+slates with interbedded 
volcanics of Bhallan member are well exposed. The phyllites are deformed; 
pmching and swelling structures includmg pucker lineations and crenulation 
cleavages are well developed (Fig. 2.5). The plunge angles of the folds developed 
m the phyUitic rocks vary largely from 50-220 towards NE. Because of the 
different rheological properties of the rocks, the degree of deformation also varies 
to a greater extent. The interbedded quartzites are, however, less defomied 
compared to slates and volcanics. Shear zones of smaller scale are observed m these 
rocks. 
The Bhallan member is in contact with the Greenbed member, Larji 
Formation and the Jutogh Formation. Unlike the conformable contact with 
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Greenbed member, Bliallan member has a tectouic contact with Larji as well as 
Jutogh Formations. The Bhallau rocks rest over various members of presumably 
younger Larji Formation along the Banjar thrust; similarly the older Jutogli rocks 
rest over the Bhallan member along Jutogh thrust (Fig. 2.1). The Banjar thrust zone 
has been proved to be potential for mmeralization. Tlie quartzite unit of Larji 
Formation posesses sulphide mmerahzation and one such mine is located near 
Naraul village in Grarsah valley. 
2.2.4. Bandal Granite 
The granite constitutes bathohthic body of composite nature wliich 
contains a number of individual plutonic phases. The bathohth has an areal 
extension of 500 sq km extendmg from the Garsah valley in the north to south of 
Sarahan m the Sutlej valley. The Bandal suhe generally comprises of granite 
gneisses and crudely fohated granites which are rimmed by Manikaran quartzites. 
The Rb-Sr age of the Bandal granitoids has been assigned as 1840 + 70 Ma by 
Frank et al. (1977). However, Bhanot et al. (1982) reported a Rb-Sr age of 1220 ± 
100 Ma for the granites from Bandal area which is still mider scrutmy. Till more 
precise age data is available, the age of 1840 + 70 Ma is considered vahd for the 
Bandal granitoids. 
Based on megascopic properties three different types of granites are 
deciphered and dehneated. They have been named as : coarse grained porphyritic 
gneiss (CPG), fine grained gneiss (FG) and leucograuite (LG). The mtrusive 
relationship of different phases reveals that the CPG is the oldest phase followed by 
FG while the LG is the youngest among the three phases. The distribution of all the 
phases with associated hthology is illustrated in Fig. 2.1. 
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2.2.4.1. Coarse grained Porphyritic Gneiss (CPG) 
The CPG fonns the bulk of the Baudal batholith. Ahnost the central part of 
the bathoUth is occupied by the coarse grained gneisses and shows a variation in 
their granularity from medium to coarse grained.The rock is porphyritic; at places 
the K-feldspar megacrysts range up to 7 cm m lenth and have become augen in 
shape which are wrapped around by mica, some of the feldspar porphyroblasts are 
mesoscopically euhedral as it is clearly seen in the Fig. 2.6. It is significant to note 
from the figure that the euhedral feldspar crystal is undeformed. It is consistent with 
the fact that the megacrysts commonly resist deformation much more effectively 
than finer grained aggregates (Vernon, 1983; Higguis, 1971) not only in deformed 
granites, but also in deformed volcanic and related rocks. Resistance of megacrysts 
to deformation is also evidenced by the quratz inclusions in K-feldspar wliich show 
rarely strain effects indicating that the mclusions were protected by the strenth of 
the K-feldspar (Vernon, 1986). 
The CPG rocks are traversed by pegmatitic bodies of different width and 
size (Fig. 2.7). Large size complex pegmatites, similar to the occurrence observed 
near Wangtu bridge by KKSharma (person.commun.), have been observed near 
Bathad. The contact between CPG and fine grained gneisses is generally sharp as 
observed at Ihuni in Garsah valley and Bah village in Sainj valley. The amphiboUtic 
rocks occur as enclaves in these rocks. The width of the enclaves varies from 2-10 
m. 
The coarse grained porphyritic gneiss contain quartzitic and peUtic-
psammopeUtic rocks as enclaves (Fig. 2.8). Tliese metasedimeutary enclaves are 
encountered at many places, but they are extensively developed in Garsah valley 
particularly, 2 km short of Jhuui village. The duty grey quartzite which occurs as 
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Fig. 2 5 Deformation in phyllitic rocks near Bhallan village. 
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Fig. 2 6 Photograph showing mesoscopically euhedral megacryst of potash feldspar in a 
deformed coarse grained porphyritic gneiss The lenticular fohation is deflected 
around the megacryst 
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Fig. 2.7. Defonned pegmatite veins in CPG. 
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Fig. 2.8. Psainmopelitic enclave in CPG. 
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enclave in CPG is very distinct and appears to be different from that of Manikaran 
quart zite. 
2.2.4.2. Fine grained Gneiss (FG) 
Fine grained gneisses occur all along the margin of the pluton (Fig. 2.1). Tlie 
FG is exposed near Raoli in Garsah valley, between Ropa and Nevli in Sainj valley 
and between Bandal and Bathad in Palchangad vaUey. It is usually characterised by 
the presence of relatively small phenocrysts of potash feldspar (~3mm). Gradual 
transition from equigranular to porphyroblastic texture is characteristic of these 
rocks. 
In the field, the gneisses are discriminated from the CPG with their relative 
fine grain size (1-3 cm) of mainly feldspar porphyroblasts and dominance of more 
felsic mineralogy. The contact of fine grained gneisses come in with Manikaran 
quartzites is tectonic; stretching in the gneissic rocks at the contact is persistent. 
The stretching features are also documented m thin sections where the quartz grains 
are elongated to ribbon form and are recrystallized. The gneisses are mylonitised at 
the contact. The mylonites are extremely granulated, typically foUated and contain 
ovoid shape reUct crystals of feldspars. At the mylonite zone , an increase m the 
ktensity of deformation is expressed by a decrease in grain size, accompanied by 
recrystallization. The rocks at the contact at Najau village have converted to a rock 
resembling phyllite (phyllouite) which is believed to have formed by granulation of 
gneisses (Fig. 2.9). A significant degree of chemical reconstitutiou appears to have 
taken place at the contact which gave rise to smeared mica films on the schistosity 
surfaces. 
Foliated basic rocks of varying width and coarseness are also commonly 
found in the fine grained gneiss. At Nevli in Sainj valley, development of reaction 
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margins between the basic and granitic rocks is distinct. Several fine grained aplite 
veins of different widths and size occur within the fine grained gneisses (Fig. 2.10). 
The contact between the gneisses and apUtic veins is generally sharp. These vems do 
not show any fijUation indicatmg their younger age (Tertiary ?) they might have 
been generated because of the remobiUsation of host granitoids during Hunalayan 
orogeny. The coarse grained gneisses occur as small elongated enclaves in FG 
suugesting the younger age of the latter rocks. Between Nevh and Ropa m Sainj 
valley, the fine grained gneisses are traversed by a number of quartz vems. These 
veins are fohated and the axial plane of the folds is parallel to the schistosity of 
granitoid rocks. The development of folds and schistosity may have accompanied 
metamorphism However, some of the folded quartz veins that are oblique to the 
foliation of granite gneisses were also encountered on the Lapah-Shakti footpath in 
Samj valley. At Raoh thrust, adjacent to the quartz veins, the fine gneisses contain 
disseminated sulphide mmeral specks, mdicatmg the invasion of sulphide rich 
solutions along the weak planes of shear zone. The FG boudins are enclosed in 
basic enclaves near Najan Nal in Garsah valley. 
2.2.4.3. Leucogranite (LG) 
The leucogranite is a nonfoliated to crudely fohated felsic mineral-
dommated rock bordered by pegmatite zones. The LG mtrudes mto the fine grained 
gneisses at the outer margm of the bathohth. Tlie contact with FG is generally 
sharp, tnmcatmg with no evident defonnation. Along the contact with LG, the fine 
gramed gneisses are defonned and have become almost a schistose rocks. It 
contams tourmaline vems which cut across the enveloping gneisses suggesting 
then- later mtmsion mto the gneisses. The tourmaline veins m the leucogranite are 
not deformed. Outcrops of LG are very scanty and isolated and are best exposed 
near Bah village m Samj valley. Though the fohated nature of these rocks is not 
observed m the field but is clearly visible in tliin sections. 
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Fig. 2.9. Phyllonites at thrust contact near Najan village in Garsah valley. 
Fig. 2.10. Aplitic vein in fine grained gneiss. 
The fact that the leucogranites are fohated suggest that they have uot 
resulted during Tertiary period but represent pre-Himalayan plutonic activity. Tliis 
phase is free from any enclave. The cross-cutting relationship of these granites with 
the fine grained gneisses is more commonly observed. An outcrop at the wooden 
bridge near Bah village in Samj valley display the interpenetrating relationship of all 
the three phases of the Bandal suite, where the relative age of intrusions of each 
phase is clearly depicted. The LG is characteristically accompanied by a pegmatitic 
phase at its margins. The pegmatites generally consist of tourmahne , feldspar and 
muscovite crystals, besides quartz. 
2.2.4.4. Basic intrusives in Granitoids 
Generally two types of basic enclaves occur in the granitoids. Circular to 
ovoid shaped basic rocks, rangmg in size from 20 cm to Im, probably representing 
the older basement components belong to one type. The other type mcludes the 
basic intrusive rocks which occur in the form of dykes m the granitoids probably 
represent younger m age than granitoids. Since the older basic components could 
not be located in the field because of topographical problems, except one outcrop in 
Samj valley, they are excluded from the present study. However, an extensive 
studies are carried out on the younger intrusives in the granitoids. 
Besides apUtic and pegmatitic dykes that intrude all facies of the pluton, 
basic intrusives are also found within the granitoids (Fig. 2.11). They do not show 
any cross-cutting and genetic relationship with the host granitoid rocks. The 
intrusive basic rocks are basaltic : they range in thickness from a few metres to 20 
m. Grain size variation from margin to core is conspicuous with or without 
amygdales or mantle xenohths. The contact between the basic rocks and host 
granitoids is shaip, however, at the contact the basic rocks have become schistose. 
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At a number of places it has been observed that a marginal zone of about 1 m 
between granite and basic rocks has developed where considerable reaction between 
the two rock types has taken place. Very thin veins of about 5 cm extend from the 
basic mtrusive into the granite (Fig. 2.12). Sporadic occurrence of sulphide nuneral 
specks are observed in almost all the basic enclaves. 
The enclaves occur almost in every part of the bathohth (Fig. 2.1) and , in most 
cases, they are texturally and mineralogically very similar to the volcanic rocks of 
surroimding sequence of Bandal bathohth. Thus a genetic relationship of the enclaves and 
volcanics of surrounding rocks is probable. This relationship is more clearly depicted when 
their chemical signatures are examined. 
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Fig 2 11 A basic intrusive in coarse grained gneiss 
Fig. 2 12 Granite wedge m a basic mtrusive rock 
V. 
CHAPTER-m 
PETROGRAPHIC DESCRIPTION OF DIFFERENT ROCK TYPES 
3.1. BSfTRODUCTION 
The petrographic observations under microscope display not only 
the textures of rocks but also reveal the order of formation of minerals and 
provide some inapoTtant clues about the mechanism of petrogenesis as well. 
The textural features cast much Ught on the conditions under which an 
igneous rock consoUdates from its present magma, for it is controlled by the 
rate and order of crystaUi2ation, and these in turn depend on the initial 
temperature, composition, content of fugitive components, viscosity of the 
magma and the pressure under which it soUdifies. Detailed petrographic 
work is a necessary step m classification, an aid to on-gomg field 
investigations, a prerequisite to geochemical and geochronological work, 
and an essential component in making petrogenetic inferences. The 
petrography of the granitoids can be utilized to mterpret the magmatic and 
post-magmatic processes, and determine the potential source region. 
The Bandal bathohth reveals near homogeneous mineralogy 
consistmg of three major phases which diJBfer in composition. In all the three 
phases of Bandal suite quartz, alkah feldspar and plagioclase are the three 
most dommant minerals and often make up more than 70% of the rock. 
Mica content, however, varies. The granitoids are generally medium to 
coarse grained (2-8 mm) meso-leucocratic rocks. Biotite, thanite and 
tourmaline are the main ferromagnesian minerals. The chief accessory 
minerals include zircon, apatite, toiumahne, garnet allanite and iron oxides. 
About 100 thin sections were prepared for petrographic study. 
Twenty representative thin sections were selected for modal analysis to 
determine the relative amounts of the various mineral components of a 
rock. Modal analyses have been carried out by adopting the method 
described by Chayes (1956). For the modal analyses, a large number of 
points (2000-4000) were counted. Table 3.1 summarizes field and hand 
specimen characteristics; Table 3.2 summarizes modal compositions of the 
three major rock types. 
The modal compositions of alkaU feldspar, quartz and plagioclase 
have been plotted on QAP diagram of Streckeisen (1976). The Bandal 
bathoUthic rocks are essentially granites according to the lUGS classification 
(Fig. 3.1). However, some of the samples plot towards the quartz apex 
iadicating the quartz rich composition of the granites. Lameyre and Bowden 
(1982) have shown that this (QAP) diagram can also be used as a powei^ fixl 
tool m identifying various granitoid series and related rocks. They have 
identified four series which follows : 
1. Calc-alkaline series and variants 
2. Alkaline series 
3. Tholeiitic series 
4. Mobilizates and related granitoids 
Of the four series, mobilizates are characterized by the occurrence of 
abundance of metasedimentary xenoliths, the presence of aluminous 
minerals such as muscovite and/or sillimanite, andalusite, cordierite, garnet 
and felsic mineral compositions which plot in the experimental Qz-Ab-Or 
systems close to the thermal minimum. They further suggested that this 
group of granitoid rocks have been attributed to the partial melting of 
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Fields : 2=alkaM^ar gramte 3 - g ^ ^ j j ^ ^ f ^ ^ , , , 1 ^ ^,,,,,^ field 
Ltype fields ^ ^'^^^^^'^^V^,^^^^^^ fiue gramed gneiss; 
after Lameyre and B^^^^'^i^^^^lj^^f'iss-cross, leucoeranite, open triangle, coarse gramed porphyntic gneiss, cross. 
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Table 3.1. Petrographic and field characteristics of the three main phases of the Bandal bathohth 
Inclusions of or 
intrudes 
Intruded by 
Pegmatites 
Structure 
Texture 
Grain size 
(groundmass if 
m^acrystic) 
M^acrysts 
Coarse grained porphyritic 
Gneiss 
— 
Fine grained Gneiss 
abundant marginal and 
exterior 
foliated to gneissic 
partly recrystallized 
to metamorphic 
1-3 mm 
K-feldspar and plagioclase 
phenocrysts 
(5-10 mm) 
Fine grained Gneiss 
Coarse grained 
Gneiss 
Leucogranite 
common, interior 
and marginal 
foliated to gneissic 
partly recrystallized 
1-3 mm 
K-feldspar 
phaiocrysts 
(4-8 mm) 
Leucogranite 
— 
— 
very less, marginal 
massive, slightly 
foliated 
magmatic, 
minor recrystallized 
2-4 mm 
K-feldspar and 
quartz 
(6 mm) 
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Table 3.2. Modal composition of Bandal granitoids 
Mode ranges 
Coarse grained Porphyritic 
(Number of sections) 
Quartz 
K-feldspar 
Plagioclase 
Biotite 
Muscovite 
Garnet 
Epidote 
Titanite 
Zircon 
Apatite 
Allanite 
Tourmaline 
Chlorite 
Sericite 
Gneiss 
(6) 
23-45 
15-29 
12-21 
6-10 
15-22 
0-0.5 
0-2.1 
* 
0.2-0.5 
+ 
— 
* 
+ 
+ 
Fine grained Gneiss 
(7) 
25-44 
20-35 
10-19 
0-8 
11-23 
~ 
0-1 
~ 
0.2-0.7 
+ 
— 
* 
+ 
+ 
Leucogranite 
(5) 
26-45 
18-43 
9-17 
0-2 
5-15 
— 
* 
— 
0.2-1.2 
+ 
* 
+ 
* 
* 
Range in volume %, + present, * rare, ~ not observed 
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crustal material. They have demarcated a boundary on QAP diagram which 
represents the field for crustal melts. The Bandal granitoid san^les generally 
plot in the field of crustal melts, thus iadicating sunilarity with mobilizates 
which m timi suggest crustal source for the granitoids (Fig.3.1). 
3.2. Petrographic description of various rock types 
3.2.1. Petrography of Granitoids 
Coarse grained Porphyritic Gneiss (CPG) 
It is a medium to coarse grained gneissic rock. The dominant 
mineral fabric, which forms the gneissic foUation is defined by the aligmnent 
of biotite flakes, associated with quartz and plagioclase. The coarse grained 
gneisses show porphyritic texture with large phenocrysts of alkali feldspar 
(~6 mm) set in the groundmass of subidiomorphic quartz, plagioclase 
(oligoclase) and biotite. The alkali-feldspar phenocrysts are euhedral to 
subhedral; they are commonly perthitic, with inclusions of plagioclase and 
quartz. The megacrysts are commonly corroded and embayed by the 
groundmass, and are rounded where the groimdmass is highly granulated 
and recrystallized. The megacrysts are thus interpreted as primary 
phenocrysts. 
Plagioclase has a tabular habit and shows carlsbad and albite 
twinning; complex and penetration twinning (Fig. 3.2) in some thin sections 
are also noticed; inclusions of biotite and quartz with corroded entling are 
found in plagioclase. It occurs both as phenocrysts and in groundmass. 
Plagioclase shows reaction margms with K-feldspar indicating corrosion of 
the plagioclase by later K-feldspar. Orthoclase partly encloses, infiltrates 
and replaces plagioclase (Fig. 3.3). Quartz has crystallized along the 
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Fig. 3.2. Photomicrograph showing penetration twinning in plagioclase (X nicols). 
I ^QQ ^ I (Scale is same for all the photomicrographs) 
Fig. 3.3. The later K-feldspar replacmg the early plagioclase (X nicols). 
fractures formed by the deformation of twin lamellae of plagioclase (Fig. 
3.4). Along plagjoclase-alkali feldspar interfaces, wart-like growths of 
myrmekite are common. Brown - pleochroic biotite, rangjng from small 
subhedral grains to large subhedral to euhedral grains, is the dominant mafic 
phase and constitute 16% of the rock by volume. It contains inclusions of 
zircon and apatite along with quartz. Muscovite occurs as subhedral grains 
in the groundmass wdiich is dominated by quartz followed by plagioclase and 
feldspar. Occasional recrystallization and plastic flowage of quartz points to 
the tectonic disturbance in the area and this is fiirther substantiated by the 
tectonically produced augen shaped quartz grains that have been 
encountered in some san^les. Most of the quartz grains exhibit undulose 
extinction. Graphic intergrowth of quartz and feldspar is seen. The 
petrographic relations clearly indicate the crystallization sequence as 
biotite~plagioclase~alkaU feldspar and quartz. The latest quartz occupies 
the interstitial spaces of the earUer formed minerals. 
Accessory phases include zircon, apatite, garnet, epidote and 
ilmenite. Tourmaline is a rare accessory mineral. Euhedral magmatii? 
epidotes are rarely found. The euhedral apatite crystals seem to have 
grown aroimd a nucleus of biotite as it is evident from Fig. 3.5. Rare 
grams of garnets and opaque minerals (ilmenite ?) occur as inclusions in 
biotite. 
Fine grained Gneiss (FG) 
The fine grained gneiss is a mediiun to fine grained, moderate to 
highly felsic rock. It is usually characterised by the presence of relatively 
small phenocrysts of potash feldspar (~3mm). Gradual transition from 
equigranular to porphyroblastic texture is characteristic of these rocks. 
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Fig. 3.4. Photomicrograph showing breaking of plagioclase lamellae and the space 
occupied by quartz (X nicols) 
Fig. 3.5. Photomicrograph showing growth of apatite crystal around a nucleus 
of biotite (ppl). 
Quartz is invariably strained and is composed of subgrains with 
sutured boimdaries (Fig. 3.6). The quartz grains exhibit undulose extinction. 
At many places quartz is elongated (ribbon quartz) and augen shaped. Very 
small quartz grains (0.1-0.3 mm) are plastically deformed, and occupies the 
interstitial spaces. These microstructures are interpreted to indicate 
deformation by dynamic recovery at moderate temperatures and low strain 
rates (c£ Vemon, 1976). Polygonization of quartz with a triple pomt 
junction invariably at 120° angle is frequently found. Quartz crystals 
showing mosaic texture are commonly observed in the rock (Fig. 3.7). 
Plagioclase occms both in groundmass and as phenocrysts. It forms large 
tabular grams with very few primary inclusions. Two generations of 
plagioclase are encountered in these rocks; the early formed plagioclase 
(An 12 ) has been cut by later anhedral plagioclase (An4). The fine graiaed 
gneiss has 20% plagioclase by mode. The plagioclase grains are highly 
sheared and broken into several sub-grains, thin twin lamellae m plagioclase 
are bent or dislocated. Albite-carlsbad and baveno twins are commonly 
observed. However, C-type twins are also found in a few thin sections 
indicating the magmatic origin of the plagioclase. The occurrence of relict 
plagioclase in a K-feldspar phenocryst (perthite) suggest that early 
crystallization of plagioclase from the magma. In some thin sections, the 
plagioclase shows terminated albite and pericline twins which are interpreted 
to be the resuh of deformation (Vance, 1961). 
Biotite is the main ferromagnesian mmeral m fine grained gneisses. It 
occurs as subhedral to mostly euhedral crystals up to 3 mm, pleochroic in 
hght olive brown to dark brown with apatite and arcon as main inclusions. 
Biotite is less in abundance (4-6 vol.%) compared to muscovite (-20 
vol.%). Zigzag arrangements of biotite flakes due to folding and 
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Fig. 3.6. Photomicrograph showing the strained quartz with sutured boundaries 
(X nicols). 
Fig. 3.7. Mosaic intergrowth texture of quartz (X nicols). 
recrystallization of quartz in the crests of the micro-folds is observed. 
Sometimes, parallel arrangements of biotite flakes are abutted by later 
crystallized feldspars. In a few thin sections replacement of biotite by 
microcline is observed. Muscovite is always present in association with 
biotite. Alteration in muscovite is very limited. Tectonically disturbed 
muscovite crystals with undulatory extinction can be recognized in most of 
the thin sections. AlkaU feldspar generally occur as anhedral grains of 
microcline perthite that occasionally enclose plagioclase and biotite. Next to 
quartz, K-feldspar is the dominating mineral constituent in the FG and 
makes up to 35% by volume. They are closely associated with growths of 
myrmekite. Twiimed perthites are commonly encountered (Fig. 3.8). 
Microcline occurs as subhedral crystals with cross-hatched twiiming; 
phenocrysts of microcUne are found in some thin sections. The microfissures 
in the microcline are sealed with quartz and muscovite. The graphic 
intergrowth with quartz is not uncommon (Fig. 3.9). The later crystallized 
K-feldspars have reacted with the early formed biotite; quartz is released at 
the margins. 
Calcite crystals with very clear rhombohedral cleavages occur as 
fracture fillmg in K-feldspars. The occiurence of calcite along the fractures 
mdicate that was deposited by late-stage hydrothermal solutions (Fig. 3.10). 
Quartz also occurs in association with calcite The accessories include 
apatite with subhedral to euhedral shape (Fig. 3.11) and sub-roimded zircon 
crystals as mclusion m biotite. Chlorite, epidote and sericite occur as 
secondary minerals. 
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Fig. 3.8. Twinned perthite in fine grained gneiss (X nicols). 
Fig. 3.9. Graphic intergrowth of quartz and feldspar in EG (X nicols). 
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Fig. 3.10. CO2 rich late -stage hydrothermal vein in FG (X nicols). 
Fig. 3.11. Subhedral apatite inclusions in biotite (X nicols). 
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Leucogranite (LG) 
The leucogranite is petrographically a distinct unit. It is a felsic and 
even grained rock with quartz and feldspars as dominant minerals. The LG is 
a non-foUated to crudely foliated rock and form isolated small outcrops in 
the main bathoUth. All of the constituents in the granite are anhedral with 
typical development of allotriomorphic texture. Most of the minerals are 
relatively fresh; the deformation structures are extremely rare. The rock 
constitute mamly of quartz, K-feldspar and muscovite with their modal 
percentages 35, 20, 15%, respectively. The leucocratic granite contains 
patches of tourmaUne intergrown with the groimdmass phases (Fig. 3.12). 
The tourmaline crystals (3% by volume) are subhedral to euhedral set in the 
groundmas of quartz, K-feldspar and muscovite. A late-stage magmatic 
origin is favoured for much of the tourmaline as it rarely exhibits 
replacement textiu-es. Quartz of two generations occurs in the rock, the later 
formed quartz follows the quartz/ tourmahne margia and extends into a 
crack of the tourmaline. Biotite and quartz infiltrate the toimnaline 
crystals. In some thin sections, the groundmass contains small patches of 
microgranophyre (i.e., eutectoid-like intergrowths of quartz and orthoclase). 
Plagioclase is sodic with a tabular habit and exhibits complex twinning and 
sUght normal zoning. Biotite and toiumaUne are the two main 
ferromagnesian minerals. Biotite is less in abundance and m some of the 
rocks it is absent; such rocks are dominated by muscovite. Plagioclases, 
with myrmekitised marginal zones, are less in abundance and makes up to 
10% by volume. 
In the leucogranite rocks, quartz, plagioclase and biotite are early 
crystallizing phases that form large euhedral crystals with few mclusions. 
Among the accessories tourmahne and apatite are ubiquitous. Apatite, rare-
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Fig. 3.12. Tourmaline crystal in a matrix of quartz and muscovite (X nicols). 
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earth phosphates and zircon occurs as inclusions in biotite which suggest 
the early crystallization of these accessory phases. Quartz and alkaU feldspar 
dominated the final stages of magmatic crystallization. Euhedral allanite 
crystals ranging to several mm (mostly less than 2 mm) are observed in 
some thin sections. 
Mylonitized Granite: 
Near the western contact of the granite pluton with quartzite, the 
fine grained gneisses are progressively mylonitized. The mylonites along the 
contact indicate a tectonic contact of the Bandal granitoids with their 
surrounding metasediments. These rocks exhibit typical porphyroblastic 
and fluxion structures; the porphyroblasts are mainly alkah-feldspar. The 
alkaU-feldspar porphyroblasts and plagioclase crystals are highly distorted 
and firactured into several sub-grams. They become more rounded with 
increasmg mylonitization. Lenticular aggregates of recrystallized quartz are 
identified in many sections.' The fine-gramed feldspar granite is 
metamorphosed to augen gneisses, containing numerous porphyroblasts of 
alkaU-feldspar, up to 2 cm long. 
The rocks are deformed, though to a lesser extent; the marginal 
zone is characteristically invaded by hydrothermal solutions rich in CO2. 
Brecciation of the granite is also evident in some of the thin sections. A 
general sequence of crystallization that has been mferred fi-om the study of 
different thin sections is biotite—plagioclase—K-feldspar—quartz. Liquidous 
phase-relations of a particular magma composition depend on variables, such 
as P, T, f(02) and the H2O content of the magma; hence, the inferred 
sequence of crystallization of a rock can yield information on these 
parameters. In deducing the sequence of crystaUization in any granite. 
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inclusion relations, reaction relations and grain shape are critical. It was 
assumed that small euhedral inclusions in the core of a large euhedral 
phenocryst are likely to have nucleated no later than enclosing phenocryst 
(Vernon, 1977). It has further been assumed that crystals growing 
suspended in a magma are likely to grow as euhedral, whereas during the 
later stages of magmatic crystallization crystals will mutually interfere 
forming anhedral grains and interstitial fabrics. 
3.2.2. Petrography of Metabasic rocks 
The metabasic rocks are mostly dark green to greenish black. The 
rocks has sparsely distributed phenocrysts (plagioclase and hornblende) with 
typical development of ophitic texture. The groundmass consists of 
plagioclase and hornblende. 
The metabasics have a pronoimced schistosity which is marked by 
parallel orientation of homblende crystals. The chief mineral constituents 
are diopside, homblende, biotite, plagioclase (oligoclase-andesine), sphene, 
zircon, epidote, chlorite and quartz. Quartz is present in minor quantity. 
Most of the quartz grains are elongated. At places, recrystaUization of 
quartz crystals with well defined sutured margins can be recognised. 
Plagioclase crystals contain inclusions of zircon and chlorite. Plagioclase 
occurs as lath shaped crystals which are completely or partly surrounded by 
the mafic minerals. The subhedral epidote crystals are present in association 
with plagioclase and amphiboles. In some of the thin sections, the augen 
shaped plagioclase crystals with well preserved twinning are encountered, 
which are wrapped by biotite. Large euhedral crystals of plagioclase abut 
agamst fohated biotite; this indicates post-tectonic crystallization of 
plagioclase. The anorthite content of plagioclase varies fi^om contact to 
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central parts of the intrusives. At many places, twin lamellae are bent and 
fractured. However, the number of such deformed crystals are very less or 
absent in the central part of the mtrusives. 
The pyroxene is represented by diopside m the basic rocks. Most of 
the diopside crystals enclose plagioclase, showing ophitic texture. Calcite 
has been observed in association with pyroxene. Calcite occurs as subhedral 
crystals and at places it is associated with quartz. Anq)hiboles are abundant 
and occiu" in the form of prismatic crystals. The preferred orientation of 
hornblende prisms impart foliation to the rock. Biotite flakes, relatively less 
abundant than hornblende, are aUgned parallel to hornblende crystals. 
Subhedral epidotes are present in association with amphiboles; the epidote 
is secondary in nature that is formed by the breakdown of anq)hiboles which 
may be due to late stage hydrothermal alterations. Reddi^-brown biotite 
shows marked pleochroism from Ught brown to deep brown and occurs as 
small flakes. 
Opaques, chlorite and leucoxene constitute minor accessory 
minerals in the metabasics. Apatite is rarely. Garnets have not been observed 
in any thin section. 
3.2.3. Petrography of Manikaran Quartzite 
The Manikaran quartzite is a medium to coarse grained 
subrounded quartz grains with silica as the cementing material. Secondary 
outgrowth, recrystallization and granulation of quartz along the margins are 
commonly observed. At the proximity of the contact with granitoids, the 
quartzite has become schistose and is cataclasticaUy deformed. Quartz 
grains reveal sutured boundaries. Subordinate amoimt of chlorite, sericite 
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and iron oxides are also present. Sericite and chlorite are aligned in one 
direction, quartz grains show elongation parallel to foUation planes. The 
quartzite is poor m heavy mineral content. Apart from opaques, zircon and 
apatite are the heavy minerals noticed in the quartates. 
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CHAPTER- rV 
GEOCHEMISTRY 
4.1. INTRODUCTION 
Geochemistry is an important tool in understanding the genesis of 
magmatic rocks including the nature of the source and the process of 
crystallization. 
The chemical composition of a rock is divided into three general groups : 
major, minor and trace elements. This division is essentially related to abundance, 
where a major element > 1.0 weight percent of the rock or mineral; a minor 
element contains 0.1-1.0 weight percent (<1000 ppm). According to Hanson and 
Langmuir (1978), a trace element is an element whose concentration is such that 
there is no stoichiometric constraint on its abimdance in both minerals and Uquids. 
A trace element in an ideal solution follows Henry's law. An essential structural 
constituents (ESC) is an element which totally fills a site in any mineral in the 
system, for example, Zr is an ESC in zircon but a trace element in clinopyroxene. 
An Intermediate element Hes between these two end members. 
Another important features that should be discussed when major/minor and 
trace elements are used in tectonomagmatism are 
1. Element mobihty and 
2. Element compatibihty 
1. Element mobility 
Mobihty or immobiUty of an element depends on its tendency to be 
transported significantly m the fluid phase during weathering and 
metamorphism. Mobile elements include Na, K, Ca, Ba, Rb and Sr whereas 
immobile elements are Fe, Ni, Cr, V, Ti, P, Zr, Y, Nb and rare earth 
elements. Though Zr is usually considered to be immobile, the studies by 
Rubin et al. (1993) indicate that Zr can be mobile in hydrothermal systems 
developed in a broad range of igneous geochemical environments. In 
general, mobile elements are not particularly useful for petrogenesis and 
discrimination purposes, although they are still commonly used in some 
discrimination diagrams. So, one has to be carefiil in selecting the elements 
in interpretation of the data, because it is very important that the elements 
used as geochemical discriminants must be able to characterize the 
composition of the parental mamgma and, ideally, the composition of the 
magma source. 
Further, Wood et aL (1979) have used the term 
"hygromagmatophile" (HYG) for those elements with bulk distribution 
coefficients (D) less than 1. These can be subdivided into "more-HYG" for 
those elements with D<0.01 (Cs, Rb, K, U, Th, Ta, Nb, Ba, La, Ce (Zr, Hf) 
and 'less - HYG" for those elements with D ~ 0.1 ((Zr, Hf) Sr, P, Ti, Y and 
the heavy REE) in ocean basalt suites. Saunders et aL (1980) have 
proposed a slightly modified subdivision of the above classification based on 
the ionic character of the trace elements. According to their division, 
incompatible or hygromagmatophile elements (D<1) may be divided into 
two main groups depending on the radius/charge ratio of their ionic state. 
a) High Field Strength (HFS) elements 
HFS elements are defined as having a radius/charge ratio of less 
than 0.2, include Zr, H^ Ti, P, Nb and Ta. 
b) Low Field Strength (LFS) elements 
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LFS elements are defined as having a radius/charge ratio of over 0.2, 
include Cs, Rb, K, Ba, Sr, Th and U. The UFS elements (plus La and Ce) 
equate with the LIL elements as originally defined by Schilling (1973). 
However, Saunders et aL (1980) stated that these divisions should be 
regarded as a considerable oversin:q)Ucation of the situation foimd in 
magmatic systems, although in high grade metamorphic terrains, elements 
such as K, Rb and Ba would generally be selectively removed fi"om the 
metamorphic assemblages. Therefore, it is clear that the elements that we 
use in any interpretations should be "immobile" or "non-labile". Very few 
trace elements fiilfil all these requirements : Ti, P, Zr, Nb, Y and the rare 
earth elements (REE) are the most often used examples. 
2. Element compatibility 
The behaviour of trace elements diuing the evolution of magmas can 
be considered in terms of their partitioning between crystalline and hqmd 
phases, expressed as the bulk partition coefiBcient (D). Trace elements with 
D<1 are incompatible and are preferentially concentrated in the hquid phase 
during melting and crystallization (e.g., K, Rb, Sr, Ba, Zr, Th). Trace 
elements with D>1 are compatible and are preferentially concentrated in 
the residual soUds during partial melting and extracted in the crystallization 
soUds during fi"actional crystaUization. 
4.2. ANALYTICAL METHODS 
About 250 fi-esh samples of different rock types were collected in the 
field. Because of the extensive quarrying and road cuttings in the area it was 
possible to collect fresh samples. The samples were collected from the 
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central parts of the exposure, as it is likely that this part would represent the 
"true" chemical composition, with minimiim possibilities of contamination 
and re-equillibrium between and along the host coimtry rock. Special care 
was taken with the san^les to ensure as much as possible that the size of 
each sample was representative. The rugged topography, bad cUmate and 
thick forestation with wild animals, sometimes made the collection of 
representative samples difficult. 
After a carefixl examination of the rock samples under microscope, 
about 100 representative samples were selected for chemical analysis. 
Powders of whole rock samples were prepared from 5-10 kg of fresh rock. 
Unweathered rock was reduced to <3 cm; all the cut surfaces were checked 
to show no signs of veios. These pieces were then crushed in a stainless 
steel mortar to produce fragmentary pieces which are usually several 
millimetres in size. The crush was then powdered in an agate teema miU for 
5-7 minutes (about 10 minutes for basic samples) to obtain fine powder ( -
200 mesh). The mill was cleaned after each sample by water and acetone to 
avoid contamiaation between samples. 
Some of the major oxides (Si02, AI2O3, MgO, Fe203t, CaO) and 
trace elements (Rb, Sr, Ga, Zr) were determined using SIEMENS SRS 
3000 sequential X-ray fluorescence Spectrometer (XRF) at Wadia Institute 
of Himalayan Geology, Dehra Dun. The glass-bead technique was used for 
the major elements and pressed powder pelletes for the trace elements. 
Before anlaysis, rock powders were ignited at 950°- 1000° C in an oven to 
estimate the loss on ignition (LOI) or to determine the approximate volatile 
content of the rock. The LOI values for Bandal granitoids are generally 
high, this may be because of the loss of volatiles other than water in rock 
samples. USGS, CRPG, GSJ and m-house standard (G-1, G-2, GSP-1 and 
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JG-2 for granite samples, AGV-1, BIR-1, BHVO-1, W-2, BR and MB-H 
for basic samples, respectively) were run in duplicate. The values for the 
two sets of anlaysis agree within less than one per cent of the amoimt 
present for each element. 
Some of the major oxides, Ti02, MnO, P2O5 and trace elements, 
hfb,Y, Sc, Ba, V together with rare earth elements ( La, Ce, Nd, Sm, Eu, 
Gd, Dy, Er, Yb, Lu) have been analysed on Inductively-Coupled Plasma 
Atomic Emission Spectrometer (ICP-AES), whereas Na20, K2O, Pb and Li 
were determined by Atomic Absorption Spectrometer (AAS) at Wadia 
Institute of Himalayan Geology, Dehra Dun. Open acid digestion 
procedure was adopted during the preparation of rock solutions. 
Subsan^les of 0.5 g were weighed into 60 ml PTFE beakers and moistened 
with a few ml of double distilled water (DDW). 15 ml 29 M HF and 7 ml 12 
M HNO3 (HF:HN03=2 : 1) were added and the mixture was evaporated on 
a hotplate at ~ 200° C, until crystalline paste resulted. Then a mixture of 7 
ml HF + 15 ml HNO3 ( HF: HN03=1 : 2) was added and evaporated. A 
further three aUquots of these acids were added, each addition bemg 
followed by evaporation to incipient dryness. All samples (mcluding 
standards) have been treated with four evaporations with HF-HNO3 to 
maintain the consistency within the method. To remove any remnant traces 
of HF, 4 ml HCIO4 was added to each beaker and the solution again 
evaporated to near dryness. The residue was dissolved in 10 % HCl with 
gentle heating, until a clear solution resulted. After cooling, solutions were 
diluted with double distilled water to 100 ml (1 : 100) in a volumetric flask. 
Samples were stored in polypropylene bottles. Solutions were analysed 
directly by ICP-AES. 
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One in-house (MB-H) and several international standards (G-1, G-2, 
JG-2, AGV-1, BHVO-1 and BR) and a blank solution were prepared in the 
same manner as described above. The solutions were used for trace element 
analysis. For analysis of major elements by atomic absorption, a solution 
was prepared by pipetting 1 ml of the prepared solution into a separate 
bottle, which was diluted with 100 ml double distilled water. Instrument 
drift during analysis was monitored and corrected for during data reduction 
by repeatedly analyzing a suitable solution with high abundances of the 
elements of interest. Intensity and concentration curves were obtained for 
each element plotting on a cmve drawn for the standards and the blank 
solution. Analytical uncertainty for Ti02, MnO, Na20, Y and Ba is better 
than ± 2%, for P2O5, K2O, Pb and Li better than ±4% for Nb, Sc, and V 
better than ± 10%. 
Rare earth elements were analysed by ICP-AES. 50 ml solution of 
each sample jBrom the solutions prepared by the procedure described above 
were used in the REE separation. Cation exchange procedure suggested by 
Thompson and Walsh (1989) was followed during rare-earth separation; the 
procedure is as follows : 250 ml IM HCl solution was loaded on the cation-
exchange column (1.8 cm mtemal diameter XI5 cm resin height) to 
equihbrate the ion-exchange resin. The REE were retained on the column, 
whereas Fe, Ca and other unwanted elements were eluted with 250 ml 1.7 
M HCl. The REE, Y and Sc were eluted with 600 ml 4 M HCl and the 
combined elutes were collected in a 1000 ml glass beaker. It was then 
carefully evaporated to dryness. The residue was redissolved in 10 ml 10% 
HNO3 unmediately prior to analysis by ICP-AES. The precision for all the 
rare earth elements analysed is better than 5%, and for Lu, the precision is 
greater than 5% (-10%). The poor precision for Lu, particularly in granitic 
rocks is due to its low concentrations. 
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4.3. EFFECTS OF ALTERATION 
Although the igneous petrologists generally attempt to work with 
fresh specimens, occasions may arise wdien it becomes necessary to make 
examinations and identifications of partly deconq)osed and altered materials. 
This is particularly true for rocks collected in highly deformed terrains like 
Himalayas or in mineralized zones adjacent to or within ore deposits. Also, 
certain igneous rocks have \mdergone extensive changes as the result of 
reaction with solutions or gases derived from the same magmatic source as 
the ahered rock or from separate unrelated igneous bodies. 
Since the rocks under discussion are from the Himalayas which have 
suffered greenschist to amphibohte fades metamorphism, it is necessary to 
take into consideration of known/established behavioiu- of some elements 
(e.g., Rb, K) during alteration and metamorphism and upon which less 
petrogenetic reUance may be placed. Although the Bandal granitoids and 
associated basic rocks show limited petrographic evidence of secondary 
alteration, the possible effects of alteration are evaluated below in order to 
justify the use of geochemistry in their petrogentic interpretations. 
Alteration effects in Granitoids 
Alkalies are the most susceptible elements to secondary alteration 
processes among major oxides. Higgins et al. (1985) argue that the 
presence of albite, instead of a more An-rich plagioclase, is a resuh of Na 
metasomatism of primary plagioclase and K-feldspar. However, the albite 
crystals in the studied granites are mostly magmatic. Evidence is given by : 
(1) their presence as large, euhedraL, faintly zoned, and twinned crystals in 
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porphyritic san^les; (2) no evidence of replacement by albite of more An-
rich plagioclase and K-feldspar; (3) no strong depletion of Sr, Ba and Eu 
(Higgins et al., 1985). When plotted against silica, the alkahes do not show 
much scatter vMch may fiirther indicate the less altered natm-e of the 
elements/mineral 
Petrographic evidence for alteration includes hmited growth of 
epidote from plagioclase, slight sericitization of feldspar, and the 
chloritization of biotite. The hydrothermal interaction with the granite is 
strictly confined to the marginal zone of the batholith, but lack of evidence 
for fluid ioteraction between granites and the host rocks on a major scale 
suggest that hydrothermal alteration was limited. However, the non-
systematic variations in CaO, Rb and Ba as well as high loss on ignition 
(Table 4.1) do suggest the chemical changes affected by the post-
crystallization alteration atleast m these elements. 
The rare earth elements are generally considered to be resistant and 
therefore immobile during secondary alteration process. The REEs are 
incorporated in stable phases like monazite, apatite and zircon. Since the 
rare earth patterns for Bandal granitoids are smooth with no suspicious 
anomaUes, it can be inferred that REE concentrations of the Bandal batholith 
closely represent the magmatic values. 
Alteration effects in Metabasic rocks 
The geochemical data of basic rocks were plotted in the 
CaO/Al2O3-MgO/10-SiO2/100 ternary diagram of Schweitzer and Kroner 
(1985) to estimate whether the samples have been altered in terms of these 
elements. It is evident from the plot ( Fig. 4.1) that all the samples fall 
60 
CaO/Al203 
MgO/IO 
S1O2/IOO 
'^•".rrr2or^"^'™'=™-'°'<----,.K™,,.,,,33, 
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mainly in the "not altered" field. A slight increase in the values of Na20 
may be attributed to the albitization or spiUtisation process which might have 
replaced Ca by Na to a varying degree. In various plots using the different 
major and trace elements, (Figs. 4.19, 4.20, 4.22) the volcanic rocks reveal 
tholeiitic nature which may again mdicate the Uttle or no alteration of the 
samples. The consistent variations of majority of the major and trace 
elements denote that the rocks have preserved much of their primary 
igneous chemistry, giving rise to acceptable intra-suite correlations for the 
immobile elements. 
It can be inferred fi-om the above observations that though most of 
the elements in granitic and basic rocks show their primary igneous 
signatures, some non-systematic variations, however, warrant a caution 
against relying too much on major element data while usmg for petrogenetic 
interpretation. For this reason the elements which are known to be immobile 
or less mobile during secondary alteration such as Ti, P, Zr, Nb, Y, Cr, Ni 
(Saimders et al., 1980), will be used for magma classification and in 
discussion. 
4.4. GRANTTOroS 
4.4.1. Major Elements variations 
Preliminary microscopical observations were performed in order to 
make sure that the analyzed samples were free from weathering or post-
magmatic hydrothermal alterations. The selected analyses of the samples are 
Hsted in Table 4.1. The major element chemistry of Bandal granitoids reveal 
small but significant variations with a sihca range 65-71% for the sequence, 
coarse grained porphyritic gneiss - fine grained gneiss - leucogranite. The 
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Table 4.1 
Sp. no. 
Si02 
A1203 
Fe203t 
MgO 
CaO 
Na20 
K20 
Ti02 
P205 
MnO 
LOI 
Total 
V 
Sc 
Ga 
Li 
Rb 
Ba 
Pb 
Sr 
Y 
Zr 
Nb 
La 
Ce 
Nd 
Sm 
Eu 
Gd 
Dy 
Er 
Yb 
Lu 
A/CNK 
A/NK 
Rb/Sr 
K/Rb 
Mg/Li 
Al/Ga 
K/Ba 
Ba/Sr 
(LaAT3)N 
(La/Sm)N 
(GdAT))N 
Eu/Eu* 
. Representative major and trace element composition 
of the granitoid rocks of Bandal batholith 
Coarse grained Porphyritic Gneisses 
MJ-43 
67 38 
1651 
3 07 
1 17 
1 13 
3 45 
5 22 
0 35 
0 17 
0 03 
149 
99 97 
nd 
n d 
15 
n d 
291 
nd 
23 
232 
28 
153 
n d 
n d 
nd 
nd 
nd 
n d 
nd 
nd 
n d 
n d 
nd 
1 23 
1 46 
125 
149 
nd 
5825 
nd 
nd 
nd 
n d 
nd 
n d 
MJ-44 
67 79 
16 11 
3 46 
1 14 
130 
3 59 
4 66 
0 36 
0 15 
0 03 
2 46 
10105 
n d 
n d 
17 
n d 
285 
n d 
25 
224 
29 
168 
21 
nd 
nd 
n d 
n d 
n d 
nd 
nd 
n d 
n d 
n d 
121 
147 
1 27 
136 
nd 
5015 
n d 
nd 
nd 
n d 
nd 
n d 
MJ-46 
64 99 
15 69 
4 02 
2 10 
2 03 
2 76 
5 13 
0 42 
0 18 
0 05 
251 
99 88 
n d 
n d 
14 
n d 
n d 
nd 
23 
164 
24 
169 
11 
nd 
n d 
n d 
nd 
n d 
nd 
nd 
n d 
n d 
nd 
1 14 
155 
nd 
nd 
nd 
5931 
n d 
nd 
nd 
n d 
n d 
nd 
MJ-114 
67 81 
1631 
3 06 
1 16 
131 
3 26 
4 47 
0 37 
0 17 
0 03 
2 13 
100 08 
50 
6 
15 
28 
335 
513 
15 
105 
19 
129 
15 
32 50 
67 30 
29 30 
5 67 
0 80 
4 34 
2 84 
0 83 
0 54 
b d l 
130 
1 60 
3 19 
111 
250 
5755 
72 
4 89 
43 17 
3 70 
6 65 
0 49 
MJ-153 
64 89 
19 10 
2 32 
3 28 
0 42 
2 79 
4 06 
0 35 
0 17 
0 02 
2 72 
100 12 
143 
6 
20 
21 
246 
188 
12 
25 
18 
222 
17 
64 80 
129 80 
46 60 
8 20 
0 94 
4 20 
3 13 
103 
0 73 
0 08 
1 96 
2 13 
9 84 
137 
942 
5054 
179 
7 52 
63 67 
5 10 
4 76 
0 49 
MJ-154 
65 54 
18 94 
2 22 
3 18 
0 37 
2 82 
3 77 
0 33 
0 14 
0 02 
2 58 
99 91 
76 
6 
19 
23 
282 
202 
12 
20 
15 
204 
18 
n d 
nd 
n d 
n d 
nd 
nd 
n d 
n d 
n d 
n d 
2 02 
2 17 
14 10 
111 
834 
5276 
155 
10 10 
n d 
n d 
nd 
n d 
MJ-155 
66 68 
16 93 
2 82 
3 30 
0 42 
3 67 
3 05 
0 34 
0 15 
0 03 
2 09 
99 48 
39 
6 
20 
21 
246 
112 
n d 
29 
19 
198 
19 
71 10 
128 60 
51 20 
9 50 
0 99 
7 02 
4 16 
1 50 
1 17 
0 12 
168 
1 81 
8 48 
103 
948 
4480 
226 
3 86 
43 59 
4 83 
4 96 
0 37 
Major oxides are in wt% and trace elements are in ppm. Total iron as Fe203t, 
b d 1= below detection limit, n d= not determined, Eu/Eu*= EuNA/§mN*GdN 
6 3 
Sp. no.: 
Si02 
A1203 
Fe203t 
MgO 
CaO 
Na20 
K20 
Ti02 
P205 
MnO 
LOI 
Total 
V 
Sc 
Ga 
Li 
Rb 
Ba 
Pb 
Sr 
Y 
Zr 
Nb 
La 
Ce 
Nd 
Sm 
Eu 
Gd 
Dy 
Er 
Yb 
Lu 
A/CNK 
A ^ K 
Rb/Sr 
KyRb 
Mg/Li 
Al/Ga 
K/Ba 
Ba/Sr 
(LaAT3)N 
(La/Sni)N 
(GdAT3)N 
Eu/Eu* 
MJ-158 
67.23 
15.58 
2.96 
1.49 
2.29 
2.65 
5.07 
0,34 
0.15 
0.04 
1.53 
99.33 
66 
7 
12 
28 
225 
866 
12 
323 
17 
121 
13 
63.80 
120.30 
44.60 
7.29 
1.13 
4.30 
2.98 
1.00 
0.79 
0.12 
1.11 
1.58 
0.70 
187 
321 
6871 
49 
2.68 
57.93 
5.65 
4.50 
0.62 
MJ-160 
67.71 
15.10 
3.28 
1.59 
2.37 
3.64 
4.15 
0.37 
0.17 
0.05 
2.05 
100.48 
57 
7 
17 
27 
383 
450 
31 
269 
21 
160 
14 
65.20 
121.90 
45.80 
7.90 
1.00 
4.64 
3.21 
1.40 
1.10 
0.14 
1.02 
1.44 
1.42 
90 
355 
4701 
77 
1.67 
42.52 
5.33 
3.49 
0.50 
MJC-66 
66.11 
16.80 
2.55 
0.77 
1.05 
3.97 
6.20 
0.30 
0.17 
0.02 
1.53 
99.47 
39 
5 
13 
59 
404 
672 
31 
146 
15 
120 
14 
n.d 
nd 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
1.11 
1.27 
2.77 
127 
79 
6840 
77 
4.60 
n.d 
n.d 
n.d 
n.d 
MJC-67 
66.41 
16.87 
3.89 
1.24 
1.23 
3.07 
4.35 
0.45 
0.19 
0.04 
1.86 
99.60 
53 
7 
19 
75 
383 
316 
34 
94 
21 
213 
17 
42.30 
91.90 
36.90 
7.13 
0.83 
5.01 
2.90 
1.32 
1.00 
0.10 
1.41 
1.73 
4.07 
94 
100 
4699 
114 
3.36 
30.34 
3.83 
4.14 
0.42 
Table 4.1 contd.... 
Fine grained Gneisses 
MJ-11 
68.73 
15.84 
2.26 
0.62 
1.70 
3.23 
5.86 
0.24 
0.17 
0.03 
1.98 
100.66 
28 
4 
12 
49 
511 
491 
56 
133 
13 
122 
27 
45.30 
86.80 
37.00 
6.94 
0.70 
4.32 
2.48 
0.98 
0.63 
0.08 
1.07 
1.36 
3.84 
95 
76 
6986 
99 
3.69 
51.58 
4.21 
5.67 
0.39 
MJ-16 
65.74 
16.56 
3.35 
1.27 
1.89 
3.23 
4.30 
0.39 
0.20 
0,04 
2.61 
99.58 
63 
8 
17 
23 
205 
740 
40 
131 
20 
172 
22 
65.71 
13.90 
53.50 
8.30 
1.27 
5.02 
3.56 
1.36 
0.92 
0.12 
1.24 
1.66 
1.56 
174 
333 
5156 
48 
5.65 
51.23 
5.11 
4.51 
0.60 
MJ-21 
67.05 
16.23 
3.12 
1.05 
1.76 
3.40 
5.02 
0.39 
0.20 
0.04 
1.01 
99.27 
53 
9 
13 
31 
436 
606 
31 
226 
26 
172 
20 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
1.14 
1.47 
1.93 
96 
204 
6607 
69 
2,68 
n.d 
n.d 
n.d 
n.d 
64 
Table 4 1 contd 
MJ-22 
66 41 
16 51 
3 10 
0 94 
196 
3 05 
4 52 
0 34 
0 15 
0 04 
2 34 
99 36 
41 
6 
16 
34 
329 
619 
22 
205 
25 
165 
17 
n d 
n d 
nd 
n d 
n d 
n d 
nd 
nd 
n d 
n d 
123 
1 67 
1 60 
114 
167 
5461 
60 62 
3 02 
n d 
n d 
n d 
n d 
MJ-23 
65 65 
16 35 
3 71 
151 
176 
3 42 
4 48 
0 39 
0 17 
0 06 
244 
99 94 
56 
8 
15 
30 
318 
734 
15 
148 
22 
214 
20 
n d 
n d 
nd 
n d 
n d 
n d 
nd 
nd 
n d 
n d 
120 
156 
2 15 
117 
304 
5769 
50 67 
4 96 
nd 
n d 
n d 
nd 
MJ-26 
65 83 
16 11 
3 32 
127 
2 29 
3 84 
5 16 
0 39 
0 19 
0 04 
0 93 
99 37 
nd 
nd 
12 
nd 
nd 
nd 
23 
312 
22 
183 
13 
nd 
nd 
nd 
n d 
n d 
n d 
n d 
nd 
n d 
nd 
100 
135 
nd 
n d 
n d 
7105 
n d 
n d 
n d 
n d 
n d 
nd 
MJ-40 
68 96 
16 61 
107 
0 77 
140 
3 18 
5 26 
0 19 
0 12 
0 02 
125 
98 83 
13 
5 
20 
21 
321 
455 
25 
89 
21 
105 
17 
37 50 
76 20 
28 70 
5 98 
0 83 
4 92 
3 52 
130 
105 
0 12 
123 
152 
3 61 
136 
221 
4395 
95 97 
5 11 
25 62 
4 05 
3 88 
0 47 
MJ41 
67 79 
16 34 
2 07 
0 60 
171 
3 67 
4 72 
0 23 
0 09 
0 03 
2 17 
99 42 
27 
5 
15 
31 
300 
600 
25 
284 
24 
121 
14 
n d 
n d 
n d 
n d 
n d 
n d 
nd 
n d 
n d 
nd 
1 15 
147 
106 
131 
117 
5765 
65 31 
2 11 
nd 
n d 
n d 
nd 
MJ-42 
68 99 
16 23 
2 29 
0 46 
131 
3 29 
4 43 
0 20 
Oi l 
0 04 
2 02 
99 37 
21 
5 
15 
21 
255 
564 
31 
189 
30 
110 
17 
n d 
n d 
nd 
n d 
nd 
n d 
nd 
n d 
n d 
n d 
129 
159 
135 
144 
132 
5726 
65 21 
2 98 
nd 
n d 
nd 
n d 
MJ-149 
69 12 
16 39 
2 20 
0 82 
0 78 
3 35 
4 61 
021 
0 13 
0 03 
168 
99 32 
20 
4 
17 
19 
288 
595 
40 
182 
27 
118 
11 
n d 
n d 
n d 
n d 
n d 
n d 
n d 
nd 
nd 
nd 
1 37 
1 56 
1 58 
133 
260 
5103 
64 32 
3 27 
nd 
n d 
nd 
nd 
MJ-151 
67 91 
16 28 
2 14 
0 49 
127 
3 61 
5 54 
0 21 
0 12 
0 04 
2 01 
99 62 
22 
5 
17 
22 
332 
636 
22 
213 
29 
112 
14 
32 70 
66 70 
28 80 
6 02 
0 89 
5 19 
4 22 
150 
1 06 
0 11 
1 14 
1 36 
1 56 
139 
134 
5068 
72 31 
2 99 
22 13 
351 
4 05 
0 49 
65 
Table 4.1 contd. 
Sp. no. 
Si02 
A1203 
Fe203t 
MgO 
CaO 
Na20 
K20 
Ti02 
P205 
MnO 
LOI 
Total 
V 
Sc 
Ga 
Li 
Rb 
Ba 
Pb 
Sr 
Y 
Zx 
Nb 
La 
Ce 
Nd 
Sm 
Eu 
Gd 
Dy 
Er 
Yb 
Lu 
A/CNK 
A/NK 
Rb/Sr 
K/Rb 
Mg/Li 
AI/Ga 
K/Ba 
Ba/Sr 
(La/Yb)N 
CLa/Sm)N 
(GdAl3)N 
Eu/Eu* 
MJ-152 
66.73 
16.04 
3.25 
3.00 
0.95 
3.24 
4.20 
0.32 
0.12 
0.03 
2.12 
100.00 
43 
7 
21 
21 
267 
269 
9 
50 
30 
147 
18 
55.64 
101.30 
43.04 
8.58 
0.83 
5.33 
3.72 
1.52 
1.31 
0.16 
1.38 
1.62 
5.34 
131 
862 
4042 
130 
5.38 
30.47 
4.19 
3.37 
0.38 
MJ-156 
71.05 
14.74 
1.77 
0.11 
1.16 
3.46 
5.75 
0.18 
0.03 
0.02 
1.40 
99.67 
11 
7 
16 
26 
644 
197 
28 
49 
144 
279 
21 
154.10 
294.00 
115.00 
25.60 
0.82 
19.20 
20.20 
9.26 
7.50 
0.61 
1.05 
1.24 
13.14 
74 
26 
4876 
242 
4.02 
14.74 
3.89 
2.12 
0.11 
MJ-157 
67.48 
16.24 
2.55 
1.04 
0.94 
3.95 
5.10 
0.24 
0.16 
0.03 
1.66 
99.39 
26 
6 
16 
26 
383 
419 
34 
134 
32 
130 
22 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
nd 
n.d 
n.d 
1.18 
1.35 
2.86 
111 
241 
5372 
101 
3.13 
n.d 
n.d 
n.d 
n.d 
Leucogranites 
MJC-54 
71.19 
15.14 
1.58 
0.57 
0.20 
2.92 
6.80 
0.19 
0.08 
0.01 
0.79 
99.47 
n.d 
n.d 
11 
n.d 
206 
n.d 
28 
109 
14 
163 
6 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
1.21 
1.24 
1.89 
274 
n.d 
7284 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
MJC-55 
71.60 
15.24 
1.31 
0.40 
1.28 
3.26 
5.69 
0.14 
0.17 
0.01 
1.05 
100.15 
28 
3 
11 
19 
306 
1802 
34 
357 
14 
182 
10 
28.20 
54.10 
23.50 
5.12 
1.35 
3.45 
2.23 
0.86 
0.55 
b.d.1 
1.10 
1.32 
0.86 
154 
127 
7333 
26 
5.05 
36.78 
3.56 
5.19 
0.98 
MJC-56 
71.34 
15.33 
0.96 
0.49 
0.30 
2.74 
6.69 
0.06 
O.Il 
0.01 
1.13 
99.16 
7 
1 
10 
19 
297 
312 
59 
147 
8 
69 
7 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
1.25 
1.30 
2.02 
187 
156 
8113 
178 
2.12 
n.d 
n.d 
n.d 
n.d 
MJC-57 
70.12 
15.60 
1.59 
0.84 
2,69 
3.00 
3.36 
0.17 
0,07 
0.02 
1,66 
99.12 
39 
4 
14 
27 
163 
555 
51 
272 
5 
32 
11 
24.92 
49.44 
19.95 
4.13 
1.13 
2.67 
1.41 
0,47 
0,30 
0.13 
1.16 
1.82 
0.60 
171 
188 
5897 
50 
2.04 
59.58 
3.90 
7.36 
1.04 
66 
Table 4. Icontd. 
MJC-58 
69.73 
15.74 
2.38 
0.38 
0.78 
2.76 
6.37 
0.36 
0.11 
0.02 
0.85 
99.48 
n.d 
n.d 
12 
n.d 
229 
n.d 
29 
170 
16 
179 
9 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
1.22 
1.38 
1.35 
231 
n.d 
6942 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
MJC-59 
69.28 
15.78 
2.50 
0.36 
0.64 
2.36 
6.47 
0.30 
0.22 
0.01 
1.26 
99.18 
n.d 
n.d 
14 
n.d 
343 
n.d 
25 
65 
29 
155 
13 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
1.31 
1.45 
5.28 
157 
n.d 
5965 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
MJC-61 
68.93 
15.88 
2.49 
0.36 
0.68 
2.56 
6.43 
0.31 
0.23 
0.01 
1.32 
99.20 
n.d 
n.d 
13 
n.d 
352 
n.d 
26 
68 
25 
164 
15 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
1.28 
1.42 
5.18 
152 
n.d 
6465 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
MJ-85 
69.11 
15.96 
2.11 
0.55 
0.72 
2.71 
5.77 
0.22 
0.23 
0.02 
1.32 
98.72 
14 
3 
17 
30 
466 
319 
25 
44 
16 
115 
23 
59.20 
125.90 
55.10 
12.20 
0.70 
7.30 
3.31 
0.86 
0.59 
b.d.l 
1.33 
1.49 
10.59 
103 
HI 
4969 
150.16 
7.25 
71.97 
3.13 
10.24 
0.23 
MJ-126 
69.83 
16.43 
2.00 
0.68 
0.44 
3.38 
4.79 
0.20 
0.14 
0.01 
1.26 
99.16 
n.d 
n.d 
15 
n.d 
202 
n.d 
22 
83 
28 
123 
16 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
1.42 
1.53 
2.43 
197 
n.d 
5797 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
MJ-129 
70.39 
16.15 
1.33 
0.61 
0.29 
2.71 
6.82 
0.18 
0.19 
0.01 
1.23 
99.91 
14 
2 
12 
17 
273 
673 
56 
125 
9 
77 
9 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
1.31 
1.36 
2.18 
207 
216 
7123 
84.13 
5.38 
n.d 
n.d 
n.d 
n.d 
MJ-130 
71.46 
16.09 
0.98 
0.53 
0.23 
2.49 
6.52 
0.05 
0.11 
0.01 
0.99 
99.46 
8 
1 
11 
21 
199 
390 
37 
120 
6 
30 
4 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
1.39 
1.44 
1.66 
272 
152 
7741 
138.79 
3.25 
n.d 
n.d 
n.d 
n.d 
MJ-131 
72.07 
15.33 
0.79 
0.28 
0.31 
2.65 
7.28 
0.07 
0.11 
0.01 
0.73 
99.63 
12 
1 
10 
12 
297 
405 
59 
156 
10 
67 
6 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
n.d 
1.20 
1.25 
1.90 
203 
141 
8113 
149.22 
2.60 
n.d 
n.d 
n.d 
n.d 
67 
Table 4 Icontd 
Sp. no. 
Si02 
A1203 
Fe203t 
MgO 
CaO 
Na20 
K20 
Ti02 
P205 
MnO 
LOI 
Total 
V 
Sc 
Ga 
Li 
Rb 
Ba 
Pb 
Sr 
Y 
Zr 
Nb 
La 
Ce 
Nd 
Sm 
Eu 
Gd 
Dy 
Er 
Yb 
Lu 
A/CNK 
A/NK 
Rb/Sr 
K/Rb 
Mg/Li 
Al/Ga 
K/Ba 
Ba/Sr 
(LaAT3)N 
(La/Sm)N 
(Gd/Yb)N 
Eu/Eu* 
MJ-132 
72 61 
14 64 
166 
0 61 
0 25 
3 52 
5 53 
0 14 
0 06 
0 01 
0 73 
99 76 
20 
4 
14 
21 
306 
434 
28 
82 
16 
124 
13 
66 50 
124 10 
42 90 
7 38 
0 76 
5 10 
2 74 
1 13 
0 84 
b d l 
120 
124 
3 73 
150 
175 
5534 
106 
5 29 
56 79 
5 82 
5 02 
0 38 
MJ-133 
69 20 
16 07 
231 
0 39 
0 72 
2 40 
6 68 
031 
0 24 
0 01 
1 19 
99 52 
20 
3 
14 
23 
496 
288 
25 
86 
23 
156 
21 
n d 
nd 
nd 
nd 
nd 
n d 
nd 
nd 
nd 
nd 
129 
144 
5 77 
112 
102 
6075 
193 
3 35 
nd 
n d 
nd 
nd 
MJ-134 
69 35 
16 19 
2 32 
0 80 
0 37 
2 63 
6 00 
0 35 
0 24 
0 01 
106 
99 32 
21 
4 
15 
28 
344 
388 
34 
113 
21 
168 
25 
57 30 
125 40 
56 90 
14 43 
0 70 
9 24 
4 35 
0 94 
0 49 
b d l 
141 
150 
3 04 
145 
172 
5712 
128 
3 43 
83 88 
2 56 
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average silica contents are 66.59% for CPG, 67.67% for FG and 70.33% for 
LG. 
The coarse grained gneisses are characterized by : restricted siUca 
range (65-67%); high AI2O3 (19%), variable CaO, total alkahes, MnO and 
K20/Na20 ratio; relative to the other tw o^ varieties, CPG contains high 
abundances of Ti02, MgO, Fe203t ; almost constant P2O5 content with 
an average of 0.16%. The fine grained gneisses have relatively higher Si02 
contents (66-69%) than CPG. The mafic content (Fe203t + MgO) in the FG 
type is more than 2%. Among the alkalies, K20:Na20 ratio is always 
greater than 1; total alkahes make upto 9%. CaO concentration is highly 
variable fi:om 0.7% - 2.0%. MnO content is ahnost constant (0.03%). The 
leucogranites (LG) seem to be more evolved with high silica content 
(dominantly > 70%), K2O contents are high, about 6 wt% and Na20 is 
normally > 2 wt.%. LG is characterized by low concentrations of MgO, 
Fe203t, CaO, and Ti02. There is no change in the relative concentrations 
of P2O5 and AI2O3. MnO% is generally low (0.01%). 
To visualize and con:q)are the major element abundances of different 
granitoids, the analyses have been plotted on Barker variation diagrams with 
Si02 as differentiation index (Fig. 4.2A). Si02 has been chosen for 
variation diagrams because it accoimts for more of the variability of the 
granitoids than does any other element. The variation plots define linear 
trends for some of the elements, especially for ¥^2^2^, MnO, Ti02, MgO 
and P2O5. Although the total alkalies have scattering distribution, a broad 
increase m the alkah concentrations can be seen. Similarly, CaO reveals a 
considerable scatter but generally shows a decreasing trend fi-om CPG to 
LG. With respect to variation in silica Fe203t, MgO, Ti02 and MnO show a 
strong negative correlation. There is very httle change in AI2O3 abundance 
69 
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Ftg. 4.2A. Harker variation diagrams of 
major elements illustrating element 
variations in Bandal granitoids. Filled 
circles= fine grained gneisses, open 
triangle= coarse grained porphyritic 
gneisses, cross= leucogranites. 
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among the samples, whereas P2O5 exhibits a poor negative correlation with 
silica. 
The LG is discriminated from the rest of the granitoids by its low 
contents of Fe203^ MgO and Ti02. However, it is difficult to diflferentiate 
between the other two types (i.e., CPG, FG) on the basis of then- major 
element geochemistry. The linear correlations of some of the major elements 
indicate that these characteristics are related to thek som-ce and thus can be 
mcorp orated while discussing their petrogenetic history. The colinear 
decrease of MgO, FQ202^' Ti02 and P2O5 from CPG to LG and smooth 
variation trends demonstrate that fractional crystallization may have been an 
unportant process in the evolution of this granite suite. 
CIPW -normative compositions were calculated from whole-rock 
major oxide analyses; the result is presented m Table 4.2. Most of the 
granitoids comprise of corundum with a normative value of >1%. Some of 
the altered rocks or those that assimilated Al-rich host rock material have 
even higher normative corundum contents (upto 9%). The differentiation 
mdex (D I = the sum of the wt. % of normative quartz, albite and 
orthoclase ) mcreases systematically from the least differentiated coarse 
grained gneiss to the most differentiated leucogranite. SiUca vs. D I plot for 
Bandal granitoids show a strong positive linear correlation and emphasizes 
the evolved nature of the suite (Fig. 4.3 A). 
4.4.2. Trace Elements variations 
4.4.2.1. Other Elements 
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The trace element whole-rock concentrations in Bandal granitoids 
are presented in Table 4.1. Several trace elements show systematic variation 
with silica similar to that exhibited by the major elements (Fig. 4.2B). Zr, Sc 
and V show a considerable decreasing pattern with increase in Si02. Rb 
behaves similar to K2O, although there is a strong increase in Rb (> 500 
ppm) in some leucocratic granites. Ga shows near uniform variation in the 
Harkar diagram. Large scatter for Sr, sunilar to CaO can be observed. 
However, a good positive correlation between CaO and Sr (Fig. 4.3B) is 
noticed enq)hasiznig that their behaviour is related to the crystallization of 
plagioclase. Since plagioclase holds both these elements their decreasmg 
concentrations from CPG to LG may indicate plagioclase fractionation from 
the magma. The element Ba exhibits a negative correlation with silica. A 
xmiform decrease of Ba towards leucogranite again points to the 
fractionation of a respective phase (Biotite or K-feldspars). Pb reveals a 
poor positive correlation with Si02. Nb does not show any significant trend 
in the variation diagram 
The observed major and trace element variations support the field-
based classification of the granitoids into three types. The earlier phase 
(CPG) is discrinunated from the other intrusions by its more basicity and 
high contents of Fe203t, MgO and Ti02 but low values of Si02 and Na20. 
Amongst the trace elements it is distinctive m having high values of Zr, Ba, 
Y, Sc and low values of Rb. The fine grained gneiss is characterized by 
relatively high Si02 and low Ti02 and Zr. The LG samples have high Si02 
(>70%), K2O, Rb and low Ti02, MgO, CaO, Zr, Y and Ba. Near linear 
relationships, and the consistent relative degrees of fractionation between 
the granitoid plutons on Marker variation diagrams, may be interpreted as 
,a'(?Q^&cSic origin for the Bandal granitoids. 
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Fig. 4.3a. Si02 vs. DI relationsliip for Bandal granitoids. 
Fig. 4.3b. CaO vs. Sr variation plot showing a positive correlation for Bandal 
granitoids. Symbols as in Fig. 4.2a. 
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4.4.2.2. Rare Earth Elements (REE) 
The rare earth elements (Z = 57-71) have very simflar chemical 
properties and are generally considered to be resistant to fractionation in 
supracrustal environments. This, coupled with their low solubiUties and 
coherent behaviour, has resulted in REE distributions being used as a 
'fingerprint' to help m identifying the parental materials (Nesbitt, 1979). 
Seventeen representative sanq)les of Bandal granitoids have been 
analysed for REEs (Table 4.1) The corresponding chondrite-normalized 
abundance pattems are shown m Fig. 4.4. In general, the REE contents of 
the bathohth phases are strongly light rare earth elements (LREE) enriched 
with an average value of 215 ppm. The heavy REE concentrations are low 
even some elements (Yb) are below detection limit particularly in the LG 
(HREE= 4.98-15.02 ppm). The Bandal granitoids generally show variable 
Eu contents from CPG to leucogranite. The overall rare earth abundances 
of these granitoids are generally consistent with the typical granite values 
(i.e. La = 20 - 100 x chondrite, Yb = 0.5 - 8 x chondrite, Holtz, 1989). 
There is a strong enrichment of the hght rare earth elements with respect to 
the heavy rare-earth elements [(LaAfb)^ = 15 - 84]; a consistent 
fractionation pattems within LREE and HREE groups [(La/Sm)^ = 2.5-5.8, 
(GdAn3)N = 2-16] is observed. A well defined moderate to high negative 
Eu anomahes are exhibited in the patterns of three phases. The lack of a 
significant Eu anomaly in some of the samples (Fig. 4.4) can be explained m 
many ways. One of the explanations for this would be partly mcomplete 
separation of cumulus minerals (plagioclase) from residual liquids (Hanson, 
1978). 
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values after Sun and McDonough( 1989). 
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The REE patterns are closely similar for the three types of granitoids 
in the batholith. The most iron rich granitoids (CPG), with the lowest Si02 
content show the highest abundance of La and Ce with a moderate negative 
Eu anomaly, whereas the leucogranites reveal the overall patterns similar to 
those of the other phases but has low total REE contents (105 ppm) and a 
steep slope. 
4.4.3. Classification and Nature of Granitoids 
Classiflcation of Granitoids 
The proper classification of the rocks is a necessary prerequisite for 
any study aimed at unravelling geodynamic or petrogenetic problems. The 
granitic rocks under consideration are classified using petrological, and 
geochemical criteria. 
The Bandal granitoids which represent granite-monzogranite 
composition in QAP diagram ( Fig. 3.1) also plot m and around the field of 
"crustal granites" (Lameyre and Bowden, 1982) indicating then: probable 
crustal signatures. 
The CIPW normative calculations have been very usefiil in the 
correlation between geochemical and petrological definitions for granites. 
Streckeisen and Le Maitre's (1979) Q'-ANOR, (Q'=normative 
[Q/(Q+Ab+Or+An)] x 100 and ANOR = normative [ An/(Or+An)] x 100] 
diagram has shown that there is a marked degree of correspondence 
between the QAP modal plots and Q'-ANOR normative plots for the same 
series of granitic rocks. The similar classification as granite to monzogranite 
is exhibited by Bandal granitoids in Q- ANOR diagram ( Fig. 4.5). O' 
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Connor (1965) classified the granite series on the basis of their normative 
Ab-An-Or concentration; the fields in the Connor's ternary diagram were 
later modified by Barker (1979). The Bandal granitoid samples are 
restricted to Ab-Or line in the ternary diagram (Fig. 4.6) representing a Ca-
poor granitic composition. 
A bivariant chemical variation diagram (R1-R2) was proposed by 
De la Roche et al. (1980) to define chemical variations in granitic rocks. 
The R1,R2 parameters have incorporated all of the major cations [Rl-
{4Si - 11 (Na + K> 2 (Fe + Ti)}, R2= {6Ca + 2Mg + Al}]. The Bandal 
granitoids reveal monzogranite - granite (syenogranite) composition in the 
R1,R2 classification diagram (Fig. 4.7). However, a few leucocratic 
sanq)les because of their low contents of R2 , fall in the alkali-granite field. 
Debon and LeFort (1983) have proposed a chemical and 
mineralogical classification of common plutonic rocks usmg cationic 
proportions of major element analyses. An illustrated version of the same 
classification has been presented by Debon and LeFort (1988) with more 
details. Debon and LeFort's (1988) classification comprises a nomenclature 
or "Q-P" diagram, (Q = Si/3-(K + Na+ 2 Ca/3), P = K- (Na + Ca)) and 
characteristic minerals or "A-B" diagram (A = Al- (K + Na + 2 Ca), B= (Fe 
+ MG + Ti). The parameters Q,P,A and B are in millications (10^ gram-
atom) for 100 g of rock or mineral, ha the "Q-P" diagram (Fig. 4.8), the 
Bandal batholith sanqjles plot in granite field which corresponds to 
subalkaline (i.e. monzonitic) nature. Aluminous assosiation has been 
observed for Bandal granitoids when they were plotted on A-B diagram 
(Fig. 4.9). It is mterestmg to note that the leucogranitic sanqjles of the 
Bandal suite plot around the 'leucogranite" field in A-B diagram. 
82 
0 
AO 60 
ANOR 
80 
Fig. 4.5. Q' vs. Aii/(Or+Aii) (Streckeisen and Le Maitre, 1979) diagram for 
classification of Bandal granitoids. Single fields represent: 2=alkali feldspar 
granite; 3a= syenogranite; 3b= monzogranite; 4= granodiorite; 5a, 5b = 
tonalite; 6= alkali feldspar quartz syenite and alkali feldspar syenite; 7= 
quartz syenite and syenite; 8= quartz monzonite and mouzouite; 9= quartz 
monzodiorite/quartz monzogabbro and mouzodiorite/nionzogabbro; 10a, 
IOb=quartz diorite/quartz gabbro and diorite/gabbro/anortliosite. Symbols as 
in Fig. 4.2A. 
100 
Fig. 4,6. Normative An-Ab-Or classification schenne of Bandal granitoids. Fields after 
Barker (1979) and O' Connor (1965). Symbols as in Fig. 4.2A. 
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190 , - A = A I - ( K + N a + 2 C Q ) 
A AA 
130 H 
100 
ALUM 
ALCAF 
CAFEM 
B = Fe + Mg + T i 
200 
'^ * TTT= °^ "characteristic minerals" diagram (Debon and LeFort, 1983). 1, U, 
UI sectors of peraluminous rocks with, respectively : I, muscovite > biotite 
(by volume); n, biotite > muscovite; HI, biotite. Symbols as in Fig. 4.2A. 
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Chappell and White (1974) were the pioneers to classiiy the 
granites into two major groups, S- and I- types on the basis of source 
criterion. On the bases of their chemical and petrographic features and field 
occurrence of the major bathoUths of the Lachlan Fold Belt of southeastern 
AustraUa, it was inferred that S-type granitoids were derived fi^om a 
sedknentary or supracrustal protohths (White and Chappell, 1988) whereas 
the I-type granitoids were derived fi^om an igneous composition or 
infracrustal source. White (1979) defined a third granitoid type (M-Type) 
which was presumably directly derived fi"om the melting of the overlying 
mantle. A fourth granitoid type (A-type) has been proposed by Loiselle and 
Wones, (1979), the A denoting either anorogenic or anhydrous. Further, the 
petrological and geochemical charateristics of A-type granitoids have been 
reviewed by many workers (CoUins et al, 1982; Brown et al, 1984; 
Clemens et al, 1986; Eby, 1990). Whalen et al. (1987) found that the Ga/Al 
ratio was an effective discriminator of A-type granitoids and other granitoid 
types. If Ga data are not available, Whalen et al. (1987) suggest that plots 
of Zr + Nb + Ce + Y vs. major element ratios such as, FeOV MgO and 
(K2O + Na20)/CaO are almost equally effective m identifying A-type 
granites. Castro et aL (1991) has proposed a hybrid type (H-type) of granite 
which has features similar to both S- and I-type of Chappell and White 
(1974) but exhibit mixing characters. 
Didier et al. (1982) have proposed an otogenic granites that can be 
divided into mantle (M-type) and crustal (C-type) or mixed i.e. crustal + 
mantle types fi:^om the nature of their enclaves. The latter can be subdivided 
into CS-types (anate?ds of sedimentary rocks) and Cl-type granites 
(anatexis of igneous rocks). They suggest that C-type granites generally 
contain the xenoUths which are always of crustal origin and basic enclaves 
are the characteristic of M-type. 
87 
The extensive work on granitoid rocks by many petrologists indicate 
that the application of these alphabet (S-I-A-M) classification is sometimes 
not possible or becomes diflBcult. McCarthy and Grooves (1979) opine that 
a single suite which reveal both the characteristics of S-type and I-type 
appears to be doubtflil. Brown et al. (1984) have reported that in a 
particular location early phases of a bathoUth may be I-type, whereas S-type 
characteristics can be envisaged for the later phases. They have agreed with 
the view of Plant et al. (1983) that the so called I- and S-type terminology 
(Chappell and White, 1974) which was aimed at a simple genetic 
classification of the granitoids has sometimes been proved difficult to apply. 
Ortega and Ibarguchi (1990) have described that an orthogneiss-rich 
protolith (i.e., I-type source) with a relatively small proportion of pelitic 
material accounts for the formation of typical S-type granites. They suggest 
that I- and S-type terms becomes sometimes problematic and they only 
should be used as terms of broad petrographic classification with hmited 
petrogenetic implications. 
Following the classification of Chappell and White (1974), the 
Bandal granitoids can be grouped as S-type. In Streckeisen's (1976) QAP 
modal plot, they typically plot in S-type granite field (Fig. 3.1). It is evident 
from the Whalen et aL (1987) discrimination diagrams (Fig. 4.10) that the 
Bandal granitoids do not pertain to A-type. Further, the high concentrations 
of P2O5 (0.25%) in these granitoids clearly denote the S-type 
characteristics according to the classification of Bea et al. (1992). The 
occurrence of metasedimentary enclaves characterise the Bandal granitoids 
as CS-type according to the classification of Didier (1982). 
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Fig. 4.10. 10000*Ga/Al vs. Nb, Y, Ce 
and K20/MgO; Zr+Nb-HCe-i-Y 
vs. 10000* Ga/Al and FeOt/MgO 
discruninant diagrams of \Vljalen 
et al, (1987) for Bandal granitoids. 
Symbols as in Fig. 4.2A. 
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Nature of Granitoids 
Most extensively used parameter to denote the nature of granitic 
magma has been molecular proportions of the ratio 
Al203/(CaO+Na20+K20), abbreviated as A/CNK which divide the 
granitoid rocks into peraluminous when A/CNK >1.1 and metaluminous 
when A/CNK < 1.1 depending upon the aliunina saturation. Having A/CNK 
values greater than 1 (Fig. 4.11), the Bandal granitoids are peraluminous in 
nature and therefore correspond to the S-type of Chappell and White 
(1974). The aluminous association of the Bandal granitoids is clearly 
depicted in "characteristic minerals" diagram (A-B) of Debon and LeFort 
(1983). They suggested that the cafemic and aluminous associations are 
approximately equivalent to the I- and S-type, respectively of Chappell and 
White (1974). The peraluminous character of these granitoids is also 
reflected in the high normative corundum values (Table 4.2). 
The Bandal granitoids, when plotted on AFM diagram (Fig. 4.12), 
reveal calc-alkaline nature. However, the clustering of the points near alkali 
apex does not clearly indicate the magma type. To avoid this discrepancy, 
the samples were plotted on other discriminating diagrams. Subalkaline 
nature of the Bandal granitoids can be seen in alkali-siUca diagram (Fig. 
4.13); the similar nature has also been exhibited in "Q-P" (nomenclature ) 
diagram (Fig. 4.8). 
It can be inferred that the Bandal granitoids are sub-alkaline to calc-
alkaline in nature. Their chemical characters classify them as S-type 
granitoids. 
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Fig. 4.11. Si02 vs. A/CNK plot for Bandal granitoids. Peraluminous and S-type nature 
of granitoids can be seen. Filled circle, fine grained gneiss; open triangle, 
coarse grained poiphyiitic gneiss; cross, leucogranite. 
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Fig. 4.12. AFM diagram for Bandal granitods. Fields after Kuno (1968). Symbols as in 
Fig. 4.11. 
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Fig. 4.13. Alkali-silica diagram for Baudal granitoids. Symbols as in Fig. 4.11. 
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4.5. METABASICS 
4.5.1. Major Elements variations 
Sampling of basic rocks was hampered due to difficult terrain and forest 
cover. However, the samples collected can be regarded as representative samples 
of both intrusives and Bhallan volcanics. The major element concentrations of the 
Bandal basic rocks (intrusives in granitoids+Bhallan volcanics) are presented in 
Table 4.3. In general, all the major oxide contents of the basic rocks represent a 
typical basaltic conq)osition. Although a large variation in the samples is not seen, 
but some of the major oxides exhibit a significant variations which may be usefiil in 
the petrogenetic interpretations. 
The basic rocks have a restricted range of Si02 concentration (49-53 
wt.%). The intrusive samples show a very narrow range (49-51 wt.%) of silica 
corq)osition, whereas the Bhallan volcanics contain relatively wide range in Si02 
(47-53 wt.%). The high siHca content of the volcanic rocks may be attributed to 
crustal contamination or differentiation from the parent magma. The role of these 
processes (contamination and differentiation) in any magmatic suite can well be 
constrained by using immobile trace element chemistry. 
Some of the elemental variations (particularly for alkalies, Rb, Ba and Sr) in 
the Bandal basic rocks indicate post crystallization alteration effects. For this reason 
the elements which are known to be less mobile in secondary alteration is used in 
the magma classification. Also, instead of Mg number, Zr abundance is used as a 
measure of magma differentiation. Zr is considered to be one of the most immobile 
elements during low-grade aheration of basaltic rocks and is essentially 
incompatible in basaltic systems (Tamey et al, 1979). A good negative correlation 
Table 4.3. 
Sp. no. 
Si02 
A1203 
Fe203t 
MgO 
CaO 
Na20 
K20 
Ti02 
P205 
MnO 
LOI 
Total 
V 
Sc 
Co 
Cr 
Rb 
Ba 
Sr 
Zr 
Y 
Nb 
La 
Ce 
Nd 
Sm 
Eu 
Gd 
Dy 
Er 
Yb 
Lu 
ZxlY 
NbA' 
Nb/Zr 
Ti/Zr 
Zr/Nb 
(LaAT3)N 
(La/Sm)N 
(GdAT))N 
(CeAT3)N 
Major oxides 
Representative major and trace element composition 
of the Bandal Metabasic rocks. 
Basic intnisives 
MJ-18 
49 86 
11 19 
17 09 
3 28 
8 26 
2 85 
1 81 
3 97 
0 30 
0 14 
0 85 
99 60 
473 
33 
45 
73 
43 
149 
192 
252 
39 
31 
33 40 
71 10 
38 80 
8 82 
2 01 
7 40 
7 13 
3 32 
4 36 
0 35 
6 46 
0 79 
0 12 
94 45 
8 13 
5 49 
244 
140 
4 53 
MJ-19 
5192 
11 16 
16 89 
3 66 
6 82 
2 54 
2 74 
3 08 
0 26 
0 15 
0 85 
100 07 
356 
33 
56 
2 
62 
211 
209 
217 
i,0 
24 
n d 
n d 
n d 
n d 
nd 
n d 
n d 
n d 
nd 
nd 
5 43 
0 60 
O i l 
85 09 
9 04 
n d 
nd 
nd 
n d 
in Granitoids 
MJ-20 
49 00 
1120 
18 28 
3 39 
6 37 
1 89 
3 87 
4 02 
0 27 
0 19 
061 
99 09 
428 
33 
57 
83 
73 
337 
210 
251 
53 
30 
n d 
n d 
n d 
nd 
n d 
n d 
n d 
nd 
n d 
nd 
4 74 
0 57 
0 12 
96 02 
8 37 
n d 
nd 
nd 
n d 
MJ-24 
5120 
1163 
15 64 
4 99 
6 55 
3 28 
2 05 
2 34 
0 25 
0 23 
138 
99 54 
277 
32 
43 
133 
41 
322 
166 
177 
22 
17 
31 80 
6190 
34 20 
7 10 
1 77 
6 00 
6 03 
3 63 
3 63 
0 29 
8 05 
0 77 
0 10 
79 26 
1041 
6 28 
2 89 
137 
4 74 
J are in wt% and trace elements are in ppm. 
bdl=below detection limit, n d = not determined 
MJ-25 
5123 
1194 
15 37 
4 76 
6 13 
4 02 
187 
2 21 
0 24 
0 20 
138 
99 35 
288 
31 
44 
139 
40 
278 
159 
167 
21 
16 
nd 
nd 
nd 
nd 
nd 
nd 
n d 
nd 
nd 
nd 
7 95 
0 76 
0 10 
79 34 
1044 
nd 
nd 
nd 
n d 
Total iron as 
MJ-27 
49 49 
11 71 
16 12 
5 64 
7 84 
2 95 
1 02 
2 19 
0 21 
0 20 
144 
98 81 
303 
34 
43 
220 
20 
176 
169 
130 
14 
15 
nd 
n d 
n d 
n d 
nd 
n d 
n d 
n d 
nd 
nd 
9 29 
107 
0 12 
100 99 
8 67 
nd 
n d 
n d 
n d 
Fe203t. 
MJ-28 
5102 
11 94 
14 32 
7 08 
8 85 
231 
141 
140 
0 16 
0 19 
1 58 
100 26 
305 
30 
40 
102 
29 
172 
201 
110 
15 
10 
nd 
n d 
n d 
nd 
nd 
n d 
n d 
nd 
nd 
nd 
7 33 
0 67 
0 09 
76 30 
11 00 
nd 
nd 
nd 
n d 
9 5 
MJ-29 
50 92 
12 18 
15 66 
4 93 
831 
2 63 
135 
2 16 
0 26 
0 20 
1 08 
99 68 
273 
30 
44 
150 
31 
281 
231 
158 
20 
16 
n d 
n d 
n d 
n d 
n d 
n d 
n d 
n d 
n d 
n d 
7 90 
0 80 
0 10 
8196 
9 88 
nd 
n d 
n d 
n d 
MJ-31 
50 62 
12 49 
15 16 
5 11 
831 
2 79 
140 
2 20 
0 26 
0 19 
0 90 
99 43 
271 
30 
40 
177 
23 
306 
250 
157 
21 
16 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
7 48 
0 76 
0 10 
84 01 
9 81 
nd 
nd 
nd 
nd 
MJ-36 
49 90 
12 91 
14 76 
5 46 
7 88 
3 06 
0 98 
1 96 
0 22 
0 19 
157 
98 89 
248 
28 
37 
161 
25 
181 
280 
147 
16 
13 
26 70 
45 80 
25 80 
4 81 
140 
4 90 
4 72 
2 86 
3 00 
0 25 
9 19 
0 81 
0 09 
79 93 
1131 
6 38 
3 58 
135 
4 24 
MJ-86 
49 39 
12 45 
15 34 
5 57 
8 20 
2 65 
139 
2 22 
0 25 
0 19 
1 54 
99 19 
265 
30 
41 
181 
32 
252 
205 
159 
19 
15 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
8 37 
0 79 
0 09 
83 70 
10 60 
nd 
nd 
nd 
nd 
MJ-87 
50 38 
12 70 
14 54 
5 75 
7 68 
2 92 
125 
2 17 
0 23 
0 19 
1 70 
99 51 
254 
28 
39 
181 
27 
220 
227 
146 
16 
15 
25 60 
45 10 
26 20 
5 40 
153 
4 98 
444 
2 48 
2 88 
0 25 
9 13 
0 94 
0 10 
89 10 
9 73 
6 38 
3 06 
143 
4 35 
Table 4 3 contd 
MJ-88 
48 82 
13 00 
16 20 
5 25 
8 78 
2 72 
140 
2 41 
0 25 
0 20 
1 31 
100 34 
286 
31 
40 
130 
31 
200 
237 
173 
24 
16 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
7 21 
0 67 
0 09 
83 51 
10 81 
nd 
nd 
nd 
nd 
MJ-89 
48 60 
11 96 
18 23 
4 39 
8 38 
2 75 
1 32 
3 20 
0 25 
0 18 
0 69 
99 95 
457 
39 
53 
75 
23 
250 
162 
155 
20 
24 
26 80 
49 50 
27 60 
5 79 
150 
5 30 
5 30 
3 39 
3 25 
0 27 
7 75 
1 20 
0 15 
123 77 
6 46 
5 91 
2 99 
135 
4 23 
96 
MJ-90 
48 91 
12 22 
17 27 
4 90 
7 95 
3 00 
141 
2 74 
0 25 
0 21 
0 79 
99 65 
407 
36 
48 
104 
27 
283 
180 
160 
22 
19 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
7 27 
0 86 
0 12 
102 66 
8 42 
nd 
nd 
nd 
nd 
MJ-110 
49 72 
12 86 
14 84 
5 77 
8 19 
2 71 
154 
2 02 
0 23 
0 19 
1 19 
99 26 
262 
29 
39 
202 
32 
307 
243 
146 
18 
15 
24 90 
50 00 
27 10 
5 54 
158 
5 03 
4 60 
3 42 
3 18 
031 
8 11 
0 83 
0 10 
82 94 
9 73 
5 62 
2 90 
131 
4 37 
MJ-111 
49 62 
13 01 
14 92 
5 76 
8 19 
2 68 
151 
2 02 
0 23 
0 20 
122 
99 36 
260 
28 
41 
206 
30 
297 
236 
145 
18 
14 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
8 06 
0 78 
0 10 
83 52 
10 36 
nd 
nd 
nd 
nd 
MJ-112 
49 93 
12 90 
15 29 
5 29 
8 38 
3 00 
1 19 
2 20 
0 26 
0 20 
133 
99 97 
267 
29 
42 
198 
29 
262 
247 
156 
18 
16 
24 50 
5130 
26 70 
5 42 
168 
5 46 
4 70 
2 99 
2 87 
0 24 
8 67 
0 89 
0 10 
84 54 
9 75 
6 12 
2 92 
1 57 
4 97 
Table 4 3 contd 
MJK-59 
50 92 
12 78 
15 12 
5 02 
5 53 
4 24 
2 45 
2 25 
0 26 
0 23 
2 16 
100 96 
293 
30 
41 
94 
35 
340 
139 
170 
19 
16 
nd 
nd 
n d 
nd 
n d 
nd 
n d 
n d 
nd 
n d 
8 95 
0 84 
0 09 
79 35 
10 63 
n d 
n d 
n d 
nd 
MJK-60 
50 68 
12 32 
14 48 
6 26 
5 78 
3 72 
2 45 
2 00 
0 27 
0 20 
2 06 
100 22 
226 
22 
31 
49 
35 
205 
108 
164 
18 
11 
n d 
n d 
n d 
nd 
nd 
nd 
nd 
n d 
nd 
n d 
9 11 
0 61 
0 07 
73 11 
14 91 
n d 
nd 
nd 
n d 
Sp. no. 
Si02 
A1203 
Fe203t 
MgO 
CaO 
Na20 
K20 
Ti02 
P205 
MnO 
LOI 
Total 
V 
Sc 
Co 
Cr 
Rb 
Ba 
Sr 
Zr 
Y 
Nb 
La 
Ce 
Nd 
Sm 
Eu 
Gd 
Dy 
Er 
Yb 
Lu 
ZxlX 
NbA' 
Nb/Zr 
Ti/Zr 
Zr/Nb 
(LaAl))N 
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5 67 
3 45 
2 72 
1 73 
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0 24 
0 94 
99 71 
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41 
38 
67 
40 
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107 
197 
27 
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30 00 
66 30 
36 00 
6 61 
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6 10 
6 05 
2 87 
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0 25 
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52 65 
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2 93 
131 
4 80 
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51 01 
12 05 
13 96 
7 23 
6 79 
3 37 
2 11 
142 
0 18 
0 23 
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99 75 
329 
43 
40 
79 
24 
314 
97 
133 
19 
9 
20 10 
42 40 
23 80 
4 79 
124 
4 53 
4 67 
2 82 
3 13 
0 24 
7 00 
0 47 
0 07 
64 01 
14 78 
4 61 
2 71 
1 20 
3 76 
MJ-138 
44 82 
1176 
16 13 
7 91 
7 62 
2 64 
1 84 
132 
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0 24 
1 95 
96 41 
334 
42 
44 
95 
23 
277 
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20 
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20 00 
45 20 
23 20 
4 66 
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3 36 
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7 15 
0 50 
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55 34 
14 30 
4 27 
2 77 
1 15 
3 74 
MJ-141 
52 92 
12 15 
15 72 
7 66 
2 59 
2 65 
0 24 
2 49 
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0 21 
4 47 
10133 
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39 
45 
42 
22 
35 
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14 
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n d 
n d 
nd 
nd 
nd 
n d 
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nd 
n d 
n d 
15 14 
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0 10 
70 41 
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nd 
n d 
nd 
nd 
Table 4 3 co 
MJ-143 
46 64 
12 22 
15 64 
6 72 
5 88 
4 37 
1 07 
2 17 
0 20 
021 
2 15 
97 27 
298 
30 
38 
83 
26 
183 
81 
141 
12 
12 
24 30 
47 90 
23 70 
5 44 
1 40 
4 61 
4 49 
2 50 
2 38 
0 14 
1175 
1 00 
0 09 
92 26 
11 75 
7 32 
2 88 
1 60 
5 59 
ntd 
MJ-144 
49 09 
11 44 
15 13 
10 50 
2 62 
2 76 
3 05 
2 27 
0 16 
0 18 
3 63 
100 83 
363 
31 
39 
88 
41 
240 
12 
147 
12 
12 
17 60 
42 40 
26 50 
5 43 
161 
4 87 
4 32 
2 68 
2 60 
0 17 
12 25 
1 00 
0 08 
92 58 
12 25 
4 86 
2 09 
1 55 
4 53 
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between Zr and MgO is exhibited in variation diagrams (Fig. 4.14). It is very 
difficult to differentiate between iatrusives and volcanic samples in the variation 
diagram though some of the volcanics have relatively high concentrations of MgO 
(10 wt.%). Their high MgO concentrations are also reflected in Mg # which are 
relatively higher than in the intrusives. Total iron shows a smooth positive 
correlation with increase in Zr content. The volcanics reveal generally low total 
iron concentrations (-14-16 wt.%) when compared with the intrusive samples 
which have relatively higher contents of Fe203t (up to 18.3 wt.%). 
The concentration of CaO ranges from 6.13-8.85 wt.% in intrusive samples, 
whereas the volcanics have relatively less contents, 3-7 wt.%. The samples which 
have low contents of CaO contain lesser amount of Sr (12 ppm) mdicating 
plagioclase fractionation from the magma. AI2O3 shows minor variation (from 
11.2-13.01). Ti02 and P2O5 occur m mmor quantities in the basic rocks with a 
normal range of 1.5-4.0 wt.% and 0.16-0.3 wt.%, respectively. A constant increase 
in the concentration of P2O5 with a positive trend against Zr is evident (Fig. 4.14). 
The similar trend for Ti02 wt.% can also be observed. MnO concentration is low 
with a restricted range of 0.15-0.25 wt.%. Total alkahes (Na20+K20) have a wide 
range of distribution which varies from 3-7 wt%. The high concentrations of Na in 
intrusive and volcanic rocks might have been due to metamorphism, resulting m 
the albitization or spilitisation of the rocks. However, the albitisation effect seems to 
be much less in intrusive samples, presumably because of the circulation of saline 
fluids in dykes is rather more difScidt (Ahmad and Tamey, 1991). 
The CIPW normative compositions of the basic rocks were 
calculated and the data are given in Table 4.4. Most of the basic samples represent 
low q-normative compositions (Fig. 4,15). However, a few samples have ol-
normative composition. There appears to be a compositional gap between q-
normative and ol-normative samples. It has been observed that this gap remains 
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even when the samples are plotted after applying Condie's (1985) criteria for 
screening out altered samples which indicate that the gap is not a consequence of 
secondary alteration. 
4.5.2. Trace Eements variations : 
4.5.2.1. Other Elements : 
Because of their immobile and incompatible behaviour during post-
crystallization alteration, the trace element abundances are generally useful in 
magma identification and to identify the source characteristics of any magma suite . 
It has been suggested (Pearce and Cann, 1973; Pearce, 1975) that basalts from 
different tectonic settings may often be distinguished by the relative abundances of 
'immobile' elements such as Ti, P, Zr, Nb, Y, Cr and rare earth elements (REE). 
Saunders et aL (1980) have observed that the basalts from active and remnant arcs 
are characterised by higher abundance of the large ion Uthophile (LIL) elements 
(Cs,Rb, K, Ba, Sr, Th, U, La and Ce) relative to the high field strength (HFS) 
elements (Ti, P, Zr, Nb and Ta) than ocean ridge basahs. They fluther observed that 
the high LIL/HFS element ratio (eg. K/Zr, Th/Nb, La/Ta, La/Nb, Ba/Nb) is the 
ftmdamental characteristics of orogenic magma suites. 
The basic intrusives in Bandal granitoids have relatively higher 
concentrations of ferromagnesian elements (Cr = upto 220 ppm, V = 473 ppm and 
Co = 57ppm. However, the volcanic samples are characterised by low contents of 
Cr (avg. 95 ppm) and Co (as low as 6 ppm); Sc content is nearly constant with an 
average of 31 ppm. Because of this reason, no trend is observed between Sc and Zr 
on bi-variate diagram (Fig. 4.16). 
A good correlation between the HFS elements and Zr is clearly 
demonstrated in variation diagrams(Fig. 4.16). Both Nb and Y are positively 
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correlated with Zr, which is itself considered as a high field strength element. Y 
concentration in basic intrsives ranges up to 55 ppm, whereas its abundance is low 
(Y-10-25 ppm) in volacnic rocks. Bhallan volcanics have low Nb (average value: 
12.8 ppm). Compared with basic intrusrves, Bhallan volcanics contain 
characteristically low Zr values (avg. 162 ppm) which show a considerable 
variation in Zr content (110-252 ppm) . The volcanic samples have relatively higher 
ZrAf ratio, but there is Uttle change in Nb/Y and Mb/Zr ratios. 
The LIL elements, Ba, Sr and Rb exhibit scattering on inter-element 
variation diagrams (Fig. 4.16), but a positive correlation can be seen for Rb. The 
Bhallan volcanics are characterised by their low content of Sr (about 100 ppm), 
whereas the Sr content goes up to 300 ppm in the intrusive samples. Very minor 
difference between the concentrations of Ba and Rb for both the mtrusives and basic 
volcanics was found. Because of the mobile nature of LIL elements, they are not 
generally used in petrogenetic interpretations. An increase in the total REE content 
with increase in the Zr content is displayed (Fig. 4.16) for the Bandal basic rocks. 
4.5.2.2. Rare Earth Elements (REE) 
About twelve samples were analysed for rare earth elements of basic 
samples and the data are listed in Table 4.3. The chondrite normahsed REE 
patterns for the analysed samples are shown in Fig. 4.17. All the samples show 
REE enrichment fi-om about 103 -141 X chondrite for Ught rare earth elements 
(LREE) and about 9-14 X chondrite for heavy rare earth elements (HREE) in 
intrusive samples and 74-127 X chondrite and 6-10 X chondrite for LREE and 
HREE, respectively, in Bhallan volcanics. Moderate to low negative Eu anomahes 
(Eu/Eu*=0.72-0.96) are observed. In general, the REE patterns overlap though 
the volcanic rocks have lower total REE abundance (avg. 120 ppm) than intrusrves. 
Corresponding to their higher Fe203t and Ti02 contents, the intrusive samples are 
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relatively more enriched in LREE ratios ((La/Sm)N=3.6) than the volcanic samples 
((La/Sm)jsj=2.1). The HREE contents are almost uniform for all the samples with 
average of (Gd/Yb)N = 1.4. It is significant to note that LREE are fi^actionated and 
HREE are unfractionated with (La/Sm)^ ratios 2.09-3.60 and (GdAI))^ ratios 
1.15-1.60 m the basic rocks of Bandal area. 
4.5.3. Magma Type 
Geochemical criteria have been employed to classify the magmatic 
type of basic rocks. AFM (total alkahes, FeO* and MgO) diagram is one of 
the widely used plots for classification of basic rocks. However, the problem 
with this is that it does not always provide reliable results because of the 
mobility of the alkah elements during post crystallization alteration (e.g., 
regional metamorphism and metasomatism). As such, YTC (Y+Zr, Ti02 
xlOO wt% and Cr) temary diagram of Davies et al. (1979) mvolving 
immobile trace elements has been used. This YTC diagram is considered to 
be analogous to an AFM plot because Uke Na20 and K2O, Y and Zr are 
progressively enriched in more felsic members of a volcanic series , Ti02 
behaves in a maimer similar to Fe203 and Cr and MgO exhibit similar 
behaviour during differentiation. The YTC plot of the basic samples 
reveals that most of the rocks fall along but above the tholeiitic trend (Fig. 
4.18). On cation% Al-(Fe+Ti)-Mg Jensen (1976) plot, the basic samples 
plot m Fe-tholeiitic field (Fig. 4.19), the similar tholeiitic feature is revealed 
on the normative (AI2O3 vs. normplag.) plot (Fig. 4.20). 
The tholeiitic natiu'e of these rocks is also indicated by FeOt/MgO 
vs. FeOt plot (Fig. 4.21; Miyashiro, 1974) and by FeOV(FeOt+MgO) vs. 
AI2O3 (Fig. 4.22 ; Amdt et al., 1977). Furthermore, a clear tholeiitic 
nature of the Bandal basic rocks can also be discerned fi-om a plot of cation 
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T iO2X100 
Zr + Y 
Fig 4.18. Y(Zi-+Y)-T(TiO2X100)-C(Cr) temaiy plot after Davies et al. (1979) 
sliowiug the tlioleiitic afEiuty of the basic rocks. Symbols as iu Fig. 4.14. 
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per cent (Fig. 4.23). Most of the chemical aflBnities correspond to those of 
the flood basalts. However, the mtrusrve basic samples have higher Fe 
abundances than volcanics (Fig. 4.23b). Further an uicompatible elements 
plot for the Bandal basics using a double normahsation procedure to lessen 
any fractionation effects on elemental abundances (Ehipuy and Dostal, 1984) 
compared with the sunilarly normahsed plots for the tholeiites from modem 
tectonic setting (Fig. 4.24) shows that Bandal basic rocks compare closely 
with the Phanerozoic contmental tholeiites despite the differences in the 
elemental abimdances. ParalleUsm of Sr-P portion with continental tholeiites 
(therefore sunilar ratios) is particularly unportant as it would suggest that 
the lower abundances of Sr and P, and possibly by unphcation also of CaO 
m Bandal basics are more likely then genetic feature. 
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CHAPTER - V 
PETROGENESIS 
The piupose of a petrogenetic study of an igneous rock or suite of igneous rocks is 
to determine the chemical and mineralogical composition of the parents at the time of 
melting, the history of the parents prior to melting, the extent of partial melting, the 
temperature and pressure conditions during partial mehmg, and modifications of the 
primary melt composition due to differentiation, and reaction of resulting melts or rocks 
due to mixing of melts. 
5.1. Evolution of Granitoids 
A major problem ui petrogenesis of granitoids is determining the relative 
contributions of mantle and crust-derived components. Resolution of this problem is of 
crucial importance not only to specific granitoids genesis, but also to understanding the 
origin and evolution of the contmental crust. 
Because of large variation in source components for granitoids in general, number 
of petrogenetic models for granitoid rocks have been put forward by many workers. A 
brief description of the existing models in granitoid genesis is discussed below and a best 
suited model for Bandal graniotoids, after carefiil interpretation of chemical variations, is 
also proposed. 
5.1.1. Interpretation of chemical variations 
Restite - Unmixing 
Restite-unmixmg hypothesis has been proposed by White and Chappell (1977) to 
explain chemical variations in granitoid suites. Accordmg to their model, when granitoid 
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melt is fonned, melting is not complete so that tbe resulting magma is conqjosed of 
variable mixtures of liquid (granitic melt) and crystals of refractory minerals (restite). The 
melt, bulk restite and the source rock compositions lie on a straight line on any 
geochemical variation diagram. 
The linear trends observed for some of the elements in Bandal granitoids (Fig. 
4.2A) may support the restite-immixing hypothesis of White and Chappell (1977). 
However, Wall et aL (1987) suggest that the Unear variation m major and trace element 
(Haxkei plots) may result from magma mixing. The scattering shown by some of the 
elements in bivariate plots of Bandal granitoids cannot readily explain the restite-immixing 
model for these granitoids. The minerals, which were considered to be restite in origm by 
White and Chappell (1977), (e.g. cordierite, zircon, gamet and plagioclase) do not reveal 
any characteristic featiu:e to call them as restite. Moreover, cordierite has not been noticed 
in Bandal granites, most of the plagioclase cores, and biotites wherever present, have 
euhedral shapes, whereas restite phases should show anhedral and resorbed grain shapes. 
The anorthite contents of plagioclase (15-20%) are not as calcic as envisaged for the 
restite model (Ango, Chappell et aL, 1987). Therefore the petrographic evidence do not 
support the restite unmixing model for these granitoids. 
Magma Mixing 
Several studies on granitoid rocks (Langmuir et al., 1978; Reid et al, 1980; 
Furman and Spera, 1985; Allen, 1992) have shown that partial mixing of mafic and silicic 
magmas is widespread in plutonic suites. The magma mixing model essentially requires 
the occurrence of chilled mafic fragments in a matrix as a field evidence. This model is 
more likely to be applicable for metaluminous granites. Vernon (1983) and Didier (1982) 
and co-workers believe it is the dominant process in the formation of metaluminous 
granites. Sometimes the cognate ciunulates which are generally characteristically enriched 
in early-crystallized ferromagnesian phases and calcic plagioclase, (Bateman and Chappell, 
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1979; Phillips et al., 1981) could be confUsed with restites or the inclusions of magma 
mixing origin. However, some of the criteria like true linear variation on Harker diagram, 
possible isotopic incoherence between large enclaves and matrix and the textural features 
(enclaves with igneous texture represent cognate cumulates) should serve to distinguish 
inclusions of magma mixing origin. 
Langmuir et al. (1978) have observed that plots of trace element ratios versus 
trace element contents, and their "companion" diagrams should display hyperbolic, and 
straight-line trends respectively m agreement with a sunple two end member mixing model 
. They have also shown that such diagrams also allow the concentration of an element of 
the end members to be determined from the asymptodes to the hyperbola, provided the 
curvature of the hyperbola is not very large. From mcompatible/compatible element ratios 
vs. Sr (e.g. Rb/Sr vs. Sr, Fig. 5.1 A), the hyperboUc trend is clearly depicted for Baudal 
granitoids, whereas its companion plot (i.e. Rb/Sr vs. 1/Sr, Fig. 5. IB) does not display any 
clear straight line trend. Therefore, from these plots it can be inferred that two end 
member mixing has not taken place or the mixing model cannot be appUcable for the 
Bandal granitoids. Further, the mixing model explanation would be unreahstic in this case, 
as there is no evidence for the existence of a mafic end-member m these granitoids. 
The restricted sihca range (Si02 = 66-71%) and most differentiated peralumuious 
composition of the Bandal granitoids do not favour the magma mixing process. Tlie steep 
REE patterns which are usually enriched in LREE also do not support the two end 
member mixmg. Therefore the observed chemical variations and non-hnear bi-variate 
patterns, a strong peraluminous nature of Bandal granitoids requires another explanation 
than magma mixing. 
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Thermogravitational Diffusion Model 
A model combining the effects of convective circulation and Soret difiusion has 
been proposed by Hildretb (1981) to ejq)lain the origin of concentrically zoned plutons. 
The Bandal batholith consists of more than one pluton; zoning is not observed m the 
members of the suite and the extreme enrichments in felsic elements do not occur. 
Partial melting and Fractional crystallization 
The most likely process for the generation of Bandal granitoid magmas is partial 
melting followed by crystal fractionation, which is discussed below in detail. Generally it 
has been shown that the fractional crystallization or assimilation and fractional 
crystallization (AFC) or both can effectively be involved during the generation of felsic 
magmas (DePaolo, 1981). McCarthy and Robb, (1978) proposed a fractional 
crystallization process for the evolution of granitic magmas on the basis of Ba, Rb, Sr 
distributions in granites. An in-situ fractional crystallization process has been suggested by 
Tindle and Pearce (1981) and Michael (1984) to explain the origin of extremely evolved 
felsic magmas. 
Most of the chemical variations that are observed in Bandal bathohth can be 
explained by a model in which the partial melting of source rocks in particular and 
fractional crystallization in general are ittvolved. Though some of the characteristics of 
Bandal granitoids may directly reflect the source characteristics, the extensive depletion 
of incompatible elements (HFSE) and considerable enrichment of LIL elements may be 
attributed to fractional crystallization. 
On the inter-element variation diagrams (Fig. 4.2A), a geochemical continuity of 
rocks among the three phases is exhibited. However, some of the elements also show 
scattering of the data. The scattering of the elements in the rocks generally results from 
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fractionation or the heterogeneous accumulation of some major and accessory mineral 
phases which may be very rich m these elements (e.g. Arth, 1976; Pearce and Norry, 1979; 
Sawka, 1988). The curved trends observed for some of the elements on Harker diagram of 
the Bandal suite can be better e7q)lained by fractionation model as it is generally envisaged 
that as crystallization proceeds phases which are sohd solutions should change 
composition systematically and this should result in curved trends on the variation 
diagrams (Price, 1983). In Bandal granitoids, zircon and apatite were commonly 
encountered and it is possible that their fractionation and/or heterogeneous accumulation 
may be responsible for the scattering observed in Zr and P2O5. Since many of the 
incompatible elements that are not incorporated in the major phases are taken out of the 
melt by the accessory phases, the fractionation of these accessory phases will have a 
control on the chemistry of the fractionated granitoids. 
In granite meUs the concentrations of Rb, Sr, Ba and their corresponding Rb/Sr 
and Sr/Ba ratios provide an essential information regarding the fractionation of the rocks 
because these elements are compatible with biotite, muscovite, plagioclase and K-feldspar. 
A strong decrease in Ba with increasing Si02 niay be caused by fractional crystallization of 
biotite (and K-feldspar). A negative correlation between Sr and Rb/Sr (Fig. 5.2A) and the 
lower Sr contents towards leucocratic samples also indicate plagioclase fractionation. The 
inverse correlation between Rb and K/Rb (Fig. 5.2B) for granitoids clearly indicate 
biotite fractionation. A moderate negative slope of the samples on the A-B diagram (Fig. 
4.9) fiuther indicate plagioclase and biotite fractionation (Holtz, 1989). In terms of Ti-Zr 
variation, most of the leucocratic samples have low Ti content and a positive linear 
correlation is observed for the granitoid samples (Fig. 5.3). This relationship suggests 
biotite and zircon fractionation from the magma (Clarke et al., 1993). Absence of 
amphiboles in the Bandal granitoids may be attributed to fractionation of these phases 
during the evolution of the granitic magma. Furthermore, the constant drop of Sc 
concentration with increasing Si02 (Fig. 5.4) substantiate the above observation (SkjerUe, 
1992). This mference is further supported by high normative corundum (>1%) 
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Rb(ppm) 
10 50 100 200 400 
Sr(ppm) 
Fig. 5.2. LILE variation plots for Baudal granitoids; evolved felsic S, I, and A type 
granites are also shown; fractionation vectors are redrawn from Harris et al. 
(1983). (A) Sr vs. Rb/Sr; (B) Rb vs. K/Rb. Plagioclase and biotite fractionation 
trends can be seen in the diagram Symbols as in Fig. 5.1. 
123 
JUU -
250 -
o 200 -
a 150-
'^ 100-
50 -
0 -
>x 
X 
^ 
• 
X 
X 
X , ^ I X » « 
X 
X 
_ 1 
. ^ • A 
^A 
XX, A ^ 
A A ^ 
1 i— 
0.00 0.10 0.20 0.30 
Ti02 [%i 
0.40 0.50 
9.5 
^ 6 . 5 
a, 
3 
^ 3.5 4 
0.5 
A « A A 
A A • A •A 
A • 
64 66 
» • X 
X 
:x 
68 70 
Si02 (%) 
>x X 
72 74 
Fig. 5.3. Ti02 vs. Zr relatiouship of Baudal granitoids. Symbols as iu Fig. 5.1. 
Fig. 5.4. Sc vs. Si02 relatiouship for the Baudal grauitoids. Symuol.; as iu Fig. 5.1. 
124 
mineralogy of Bandal suite. Cawthom et al. (1976) have suggested that the corundum 
normative magmas are the product of amphibole fractionation. 
Among the trace elements the REE are particularly usefixl group of elements 
because of their coherent behaviour to understand the difiFerentiation of any magmatic 
suite. The REE abundance of granitoids reveal consistent evolutionary patterns from 
coarse grained porphyritic gneisses to leucogranite with increasing difiFerentiation (e.g., 
CPG : differentiation index DI =78 ; FG : DI=82 ; LG : DI=88) total REE contents and 
decrease in LREE/HREE ratios ((CeAT))^ = 11.0 - 71.1). The negative Eu-anomahes 
(Eu/Eu* =1.04-0.11) are pronoimced. In combination with decreasmg CaO, AI2O3 and 
Sr the negtive Eu anomaUes record fractionation of plagioclase (Hanson, 1978). Evans 
and Hanson (1993) have shown that the decreasmg REE abundances with increasing 
differentiation for the suites with silica range of 60-80% (65-73% in present case) are 
diflficiUt to accoxmt by the differentiation of only major rock-forming mineral assemblages 
(i.e. feldspar, quartz, pyroxenes, amphibole). Several studies on granitoids reveal that the 
monazite, allanite, zircon, sphene and apatite are the chief accessory minerals that contam 
the majority of rare earth elements (Hanson, 1978; Miller and Mittlefehldt, 1982; Gromet 
and Silver, 1983; Sawka, 1988). The negative correlation of Ti02, Zr and P2O5 against 
increasing Si02 on Harker variation diagram reflect the fractional crystallization of 
titanite, zircon and apatite, respectively. Zircon fractionation is also reflected in low HREE 
concentrations of these granitoids (15 ppm) and a decreasmg Zr/Nd ratio against Si02 
(Fig. 5.5A). The negative trend m Zr/Nd against Si02 results because tlie Kd for Zr is 
much greater than for Nd in zncon (Evans and Hanson, 1993). That monazite/allaiiite 
seems played an important role in the genesis of the Bandal granitoids is suggested 
because Sm/Nd and Nd are anticorrelated in the granitoids (Fig. 5.5B) (SkjerUe, 1992). 
Summarising the above observations, it is apparent that the three main phases m 
some elemental bivariate plots exhibit a consistent difiFerentiation trend from coarse 
grained type (older) to leucogranite (younger). Particularly regular decrease of some 
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ferromagnesian elements Sc, V and Fe203t and MgO with increasing differentiation index 
suggest that there has been a fractionation process which was responsible for these trends. 
In comparison with average upper crust abundance (Taylor and McLennan, 1985), the 
CPG is akeady enriched in LILE (Rb, Pb, K) and also ia Y, whereas It is depleted in 
HFS-elements (Nb, Ti, Zr) and also in Sr, Sc and V (Fig. 5.6). It is significant to note 
from this diagram that the fractionation of CPG magmas results in fiirther enhancement of 
Rb, Pb, K and drastic depletion of Sr, Ti, Sc and possible Zr and Mn. The consistent 
relative degrees of fractionation among different granitoid phases and the overlapping 
chondrite-normalised REE pattems of the samples may be interpreted as implying a 
cogenetic origin for the Bandal granitoids. It is likely that the dififerentiation between the 
early phases (i.e. CPG and FG) is not much, whereas the later phase (LG) is the most 
differentiated rock (with high silica and D I contents) and may represent the residual 
liquid of the earUer phases. This featiu^e is persistent throughout the bivariate diagrams 
wherein the two early phases always reveal a mixed plot but the leucogranite plots away 
from the two types with high siUca. hi the field, particularly in Sainj and Bandal valleys, 
the leucogranite, unlike other two phases, is always accompanied with apUtes and 
pegmatites thereby mdicating the residual coeval intrusion of these into the main mass of 
granite (i.e. CPG +FG). 
5.1.2 Possible Source of Granitoids 
The scarcity of alkah feldspar in sedimentary rocks, and the common absence of a 
hydrous fluid phase during high-grade metamorphism imphes that both potassium and 
H2O must be derived from the incougruent melting of micas during the generation of 
granite melts from metasedimentary protohths (Holtz and Johannes, 1991; Patmo-Douce 
and Johnson, 1991). The composition of the peralummous granite is directly related to 
peraluminous source rocks. Anatectic meltiag of peraluminous compositions, such as 
pehtic meta-sediment, may generate peralummous hquids rich in quartz, orthoclase and 
albite. Upon soUdification, such hquids would have a peralumnious character of an S-type 
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granite as defined by Chappell and White (1974). S-type peraluminous magmas may, 
however, be derived fi:om a wide range of source environments (Clemens and Wall, 1981). 
The strong peraluminous character (A/CNK > 1%), presence of normative 
corundum, restricted siUca range (66-72%), high Rb/Sr, K20/Na20 and low K/Rb 
characterise the Bandal granitoids as S-type of Chappell and White (1974). A good 
comparison between the Proterozoic S-type granites of the AustraUan continent and the 
Proterozoic Bandal granitoids can be obtained by employing a multi-element, primordial 
mantle normalised spider diagram (Fig. 5.7) m which the elements are ordered in 
increasing compatibihty with respect to the mantle source fi:om left to right (Wybom et al, 
1992). The Bandal granitoids also well compare with the different Proterozoic S-type 
granites fi-om the Himalaya (Table 5.1). The peraluminous nature of Bandal granitoids is 
marked by the presence of muscovite. The aluminous chemistry and high initial ^ ' Sr / 
86Sr ratios (0.7083 + 0.0027, Frank et al.,1977) indicate a prominent crustal source for 
these granitoids. The REE patterns of Bandal granitoids were compared wdth different 
soiuce rock con^onents such as : Post - Archean Shale from AustraUa (PAAS); average 
greywacke and average upper continental crust. It is evident from the Fig. 5.8 that the 
Bandal granitoids patterns are akin to upper continental crust. Fiuthermore, most of the 
characters that have been observed for the Bandal suite indicate that the granite body is 
more evolved supracrustal type wherein fractionation of different major and trace phases 
were involved. These characters are directly related to the derivation of these rocks from 
a sedimentary source rather than igneous. The Bandal granitoids have typical 
"sedimentary" rare earth element patterns (Fig. 5.8), suggesting then derivation from a 
sedimentary protoUth. However, a depletion in HREE relative to the soiu^ce is significant 
in the diagram which can be attributed to the fractionation of accessory phases that are 
rich in these elements. The initial strontium isotope ratio of Bandal granitoids which is 
relatively high also suggest the derivation of these granites from a metasedimeutary source. 
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Fig. 5.8. Chondrite-nonnalised REE diagram of three representative samples from 
Baiidal area. MJ-158, coarse grained poiphyritic gneiss; MJ-11, fine grained 
gneiss; MJC-55, leucogranite. Nonnalisatiou values after Sun and McDouougb 
(1989). PAAS, NASC, Upper crust and Archean greywacke patterns given by 
Taylor and McLennan (1985) were plotted for comparison. Shaded region 
uidicates composition of metasedjmentary protolith (Brouand el 
al., 1990). Crossed area indicates range of representative samples from the 
Himalayas and Hercynides for Group-II granites (Harris et al., 1986). 
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Metasedimentary protolith from which the peraluminous granites are inferred to be 
derived could be of variable composition. The pelitic source composition seems to be 
more likely to be appropriate rocks for Bandal granitoids which is evidenced in high initial 
strontiimi ratios of these granites. It is generally thought that the high initial ^^Sr/^^g^ 
ratio is characteristic of granitoids derived from a pelitic source, because pelitic rocks 
during the process of weathering and deposition are enriched ia Rb relative to Sr and with 
time this soiu-ce may become more enriched in radiogenic strontium (White and Chappell, 
1977). 
Harris and Inger (1992) have suggested that the strong LREE enrichment and high 
LREE/HREE ratio are characteristic features of the melts generated from a pelitic source. 
Therefore the strong depletion of HREE and corresponding LREE/HREE ratios [ 
(CeAfb)N = 11.0 - 71.1] of the Bandal granitoids point to a pelitic rock source. The 
occurence of pelitic to psammopelitic enclaves support a pelitic source of the granitic 
melt. The source was probably rich in AI2O3, as indicated by high normative corundum 
values in Bandal granitoids. 
P-T-X (H2O) conditions of magma generation 
The amount of melt generated during anatexis is related to several factors like P-T 
conditions, amount of water, composition of the source rock (WylUe, 1977). At given P-T 
conditions, the amount of available water in a rock can fix the melt fraction (Bumham, 
1979; Johannes, 1988). Clemens and Wall (1981) have observed that the S-type magmas 
that are derived from peUtic parental materials should be chemically compatible with 
Al2Si05 or other highly aluminous assemblages. The melt conditions (P-T) are estimated 
to be generally around 700° - 800° C and 3-5 Kbar in syn-to late- orogeuic crustal 
anatexis and the most of the melts would be rich in quartzo-feldspathic components 
(Holtz, 1989). 
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Bumham (1967) suggested that water contents in excess of 8-9 wt% and 
pressures in excess of about 4 kbar are necessary for the primary crystaUization of 
muscovite from a granitoid mek. Therefore the water contents in the melt must have 
increased to aroimd 8% during the evolution of the Bandal bathohth. There are two main 
possibiUties for the source of the H2O component essential for the development of 
hydrous granitic melts : (1) an aqueous fluid may be present in the source region, this is 
unlikely for the Bandal granitoids because the most granites are H2O imdersaturated (2) 
most of the H2O required for partial meUmg may be derived from the breakdown of 
crystallme hydrates (Fyfe, 1969), thus anatexis could occur under vapour absent 
conditions. The latter process seems most hkely appUcable for the source of water for 
Bandal granitoids. 
The CIPW - normative mmeral compositions were plotted on Qz-Ab-Or and Ab-
An-Or ternary diagrams (Fig. 5.9) to approximate the P-T conditions of the evolution of 
the Bandal granitoids . In the Qz-Ab-Or diagram (Wmkler et al, 1975) assumiug a 
pressure of 5 Kbar and H2O satiuration, the majority of the Bandal granitoid samples plot 
near the cotectic region in the minimum melt area of the system. The following 
conclusions can be drawn from these data: 
(a) Most of the granites show near - eutectic mmimum temperature melt composition 
(b) These rocks mostly crystallized from molten granitic magmas, with no 
major felsic restite component. 
(c) Assumed H2O saturation for the fiaal statges of crystaUization seems to be 
realistic in this case as the final crystallization temperature of the granitic hquid 
was m the range of 670O-700O C. 
Similar temperature conditions are also indicated by Ab-An-Or diagram m which 
the Bandal granitoids plot away from An apex (indicatmg less calcic nature) within the 
isotherms of 670^ and 700° C. From the Qz-Ab-Or diagram, the pressure conditions are 
estimated to be around 4 kbar; a few samples plot beyond 4 kbar. Therefore 4-5 Kbar 
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5.9. Nonuative Qz-Ab-Or and Ab-Aii-Or diagrams as part of the Qz-Ab-Oi-Aii-
H2O system showiug the low-temperature melt area near the cotcctic region 
(E5-P) at 5 kbar (Winkler ct al., 1975). Sjiiibols as in Fig. 5.1. 
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pressure conditions can be inferred for the granitoids. The experimentally calculated P-T 
values (5Kbar and 700° - 750OC) for the southeastern Australian S-type granitioid suites 
which were considered to be derived from broadly peUtic sources (Clemens and Wall, 
1981) are consistent with the inferred P-T conditions for the Bandal suite . 
The amount of biotite in the early formed CPG also indicate the water 
undersaturation conditions of the magma at initial stages of the crystalization. Biotite is a 
near-soUdus phase at low water (< 2 Wt%) but a near-hquidus phase at higher H2O 
contents ( 4 - 6 wt% was ejq)erimentally demonstrated for peraluminous granites m SW 
Austraha; Clemens and Wall, 1981). Crystallization of biotite in CPG is inferred to be 
after plagioclase or coeval with the formations of early plagioclase, garnet and early 
quartz but preceded alkah-feldspar crystallization. Therefore high H2O content may have 
been prevalent even during early to intermediate stages of crystallization. During 
progressive fractional crystalization, the residual melt must have become H2O rich after 
the removal of the anhydrous phases. Water saturation during the final stages of 
crystallization is hidicated by the gradation of granite into leucocratic muscovite rich 
granite and associated coarse-grained pegmatities. The association of pegmatites with 
quartz veins may also imply water rich conditions. 
Fluid inclusion study of the Bandal granitoids (Rajesh Sharma, person, 
commun., 1995) indicate that the early granitic melt was rich in CO2 and high saline brine 
with an average CO2 density of about 0.90 g/cm^. This is consistent with about 15-16 km 
depth of granite emplacement and indicate a pressure conditions of about 4.5 kbar at a 
temperature of around 600° C. At later stages, fluid conditions were tmned to H2O rich 
with a decrease in CO2 density. The absence of silicate melt inclusions in the Bnadal 
granitoids besides the absence of deformation signs of primary inclusions also mdicate a 
deep seated crystallization conditions of the granite body. 
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It may be inferred that the system developed from an undersaturated to a water-
saturated crystalhzation conditions to give rise to the different phases of Bandal suite. The 
observed P-T conditions indicate that relatively high temperature water undersaturated 
magma (reflected in CPG, the early phase of the suite) was intruded into middle to lower 
crustal rocks at considerable depth (-15-20 km). The middle crustal emplacement 
conditions are indicated by the strong perthitic nature of the K-feldspars m the Bandal 
granitoids (PoU and Tommasini, 1991). 
5.2. Evolution of Metabasic rocks 
Some of the important characters, like low Mg numbers (mostly < 60) and 
Sr as well as negative Eu anomaUes of the Bandal basic rocks suggest that fractional 
crystallization has played a role in the generation of these rocks. The uniform 
CaO/Al203 ratio with increasing FeO^/MgO (Fig. 5.10) fiirther indicate that ohvine 
and plagioclase were the main fractionatmg phases. The fractionation of olivine and 
pyroxene from the primitive magmas in the evolution of Bandal basics is also 
evident from the diagram FeOV (FeO*+MgO) - AI2O3 (Fig. 4.23). However, a 
large variation in incompatible element ratios (e.g., LaAl), Zr/Y, TiA', Zr/Nb) m 
the basic rocks of Bandal area can not be explained by crystal fractionation alone. 
These variations probably represent different degree of partial melting from a 
common source and also reflect the enriched mantle source characteristics. 
The ratios such as Y/Zr and Ti/Zr are not significantly affected by moderate 
degrees of crystal fractionation of basaltic magma but are quite sensitive to 
differences in degree of partial melting of the mantle source or to compositional 
heterogeneity in the source (Ahmad and Tamey, 1991). The Y/Zr ratio in Bandal 
basic rocks does not vary significantly (-0.15) whereas the Ti/Zr ratio is widely 
variable (52-124). This is also exhibited m the bivariate diagram of Ti02 vs. Zr 
(Fig. 4.14). The samples plot along three different fractionation trends representing 
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three distinct magma batches and an overlap with the fractionation trends of 
Garhwal volcanics of Lesser Himalayas (Ahmad and Tamey, 1991). A sUghtly 
decreasing tendency shown by the iatrusive samples in this diagram may pomt to the 
fractional crystallisation of titanomagnetite from the magma, because the Ti/Zr ratio 
falls when titanomagnetite begins to crystaUize. 
Higher incon^)atible element ratios (e.g., LaAT), Zr/Y, TiA") and lower 
Fe203^Ti02 (Fig. 5.11) and Al203/Ti02 are represented by more differentiated 
samples than those m the less differentiated samples. The basic samples plotted on 
(La/Yb)N vs. (La)^ fiuther support the inference that these rocks evolved by 
different degrees of partial melting of a mantle source. In general, on this type of 
plot, a hnear relationship will be defined by the samples if they are derived by 
different degrees of partial meltmg of a common source; however, the plots may 
shift horizontally to higher X-axis values because of crystal fractionation (Feigeusou 
et al., 1983; Rossy et al; 1992; Bradshaw et al, 1993). A broad positive linear 
pattern is exhibited by the Bandal basic rocks in (LaAT))^ vs. (La)^ diagram (Fig. 
5.12), indicating that they were formed by different degrees of melting of a source 
with similar (LaAT))^. Lower degree of melting resulted the samples with higlier 
(La)N and (LaAT))N whereas samples with lower (La)N and (La/Yb)^ have formed 
by higher degree of melting. From the Fig. 5.12, it can be noticed that the data 
form three clusters, each defining a different (La/Yb)N ^^^ ^ correspondmg 
different range of (La)N values. An inverse relationship between degree of melting 
and fractional crystallization is evident from this diagram as it is significantly seen 
that there is a decrease in the inter cluster range of (La)^ values with the decrease 
in the degree of melting. The samples with higher La, La/Yb, Zr/Y, TiA' and lower 
Fe203t/Ti02 ratios which were generated by a magma batch with lower degrees of 
meltmg seem to have imdergone more crystal differentiation compared to those 
formed by relatively greater degree of mehing. 
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Fig. 5.12. (LaAn))jvj vs. (La)^ for Baudal tholeiites. Symbols as iu Fig. 5.10. 
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A double-normalised incompatible element ratio patterns of Bandal basic 
rocks show striking similarities with the continental tholeiites (Fig. 5.13). These 
type of spidergrams are considered to be more helpfUl particularly for basic 
volcanic rocks of continental setting where the source ratios of other elements 
would be affected by crustal contamination. Furthermore, the similarity of the ratios 
for different samples suggest that they are genetically related to a common 
process. However, different Fe203 VTi02 (6.95-9.83) and (LaAT)) (6.4-9.0) 
ratios of these samples indicate that the tholeiites are derived by different degrees 
of melting from a common source . 
The strong enrichment of LREE and LIL elements in the Bandal tholeiites 
relative to primordial mantle indicate their derivation from an enriched mantle 
souiCQ (Weaver and Tamey, 1983). On Nd-Ce, Zr-Nb bivariate plots, the basic 
samples always fall on enriched side in the diagram (Fig. 5.14). Different degrees of 
partial melting of the Bandal tholeiitic rocks is clearly evident in Nd-Ce diagram 
(Fig. 5.14A), where the samples with lower Ce and Nd contents appear to have 
formed by higher extents of mehmg than the samples with higher contents. This 
inference is fixrther substantiated by NbA^-TiA' diagram of Pearce (1982). The 
elements Nb, Y and Ti are considered to be most mcompatible during partial 
melting and fractional crystallization events. Pearce (1982) opined that Y is not 
affected by the processes responsible for mantle heterogeinity and therefore the 
ratios TiA' and NbA^ highlight the processes responsible for mantle heterogeneity 
but are only sUghtly affected by subsequent differences in melting and fractional 
crystallization histories. This diagram is extremely effective in characterizmg within 
plate basalts and alkaline basalts. It has generally been observed that the tholeiites 
are enriched in Nb and Ti relative to MORB; by contrast, alkaline basahs are 
strongly enriched in Nb and very sUghtly enriched in Ti relative to tholeiitic basalts. 
Both TiA' and NbA' ratios are affected by witlun-plate magmatism of basalts, 
whereas alkahnity affects the NbA" ratio only (Pearce, 1982). The Bandal tholeiites 
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depict their enriched character and plot along the wdthin-plate vector in Nb/Y-TiA' 
diagram (Fig. 5.15). 
Most of the geochemical characteristics of Bandal basic rocks indicate that 
they have formed by different degrees of partial melting of enriched mantle source. 
Extensive work carried out by several petrologists to understand the mantle 
enrichment processes indicates that hydrous fluids and silicate melts, mdividually or 
in combination, are responsible for mantle enrichment (Menzies and Hawkesworth, 
1987). Hydrous fluids^ discriminate against Ti and their solubihty is low for Fe and 
Mg, they have high partition coefficients for LILE and LREE, and their preferential 
enrichment will result accordittgly. SiUcate melts, on the other hand, enrich all 
elements (Schneider and Eggler, 1986) and Fe and Fe/Mg ratio of the source will be 
increased (Langmuir and Hanson, 1980). The high LREE/HREE (Fig. 4.17) and 
low Mb, P and Ti (Fig. 4.24) together with high and variable Fe/Mg ratio of Bandal 
basics mdicate that the source was enriched through a hydrous siUcate melt phase. 
Generation of melts under such conditions (Kushiro, 1972; Nicholls, 1974; Green, 
1976) followed by ohvine and plagioclase fractionation would be consistent with 
mixed ol and q-normative compositions of the samples, low and imiform 
CaO/Al203 and high and variable FeO/MgO. Also, for siUca enriched melts, P 
saturation would be at very low contents (Watson, 1980). 
The Bandal basic rocks have a striking similarity with the other Proterozoic 
basic rocks of Himalaya in terms of PM uormahsed multi-element spidergrams (Fig. 
5.16), chondrite normahsed REE patterns and some important incompatible element 
ratios. Typical continental tholeiitic nature, overall low Mg numbers with chemical 
features mdicating the involvement of fractional crystallization are consistent with 
the geochemical signatures of Rampur volcanics (Bhat and LeFort, 1992) that exist 
in the southwestem part of the Bandal bathoUth. 
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Fig. 5.16. PM-nonnalized multi-elemeut spidergram showing comparison of the 
averages of diflfereut surrounding Proterozoic basic rocks of Bandal suite. A 
similarly uormalized multi-elemeut spidergram for modem tectoaic settings 
is also shown. MDV=Maudi-Daria volcauics (Ahmad and Bhat, 1987), 
GD=Garhwal dykes and GV-Garhwal volcauics (Ahmad and Tamey, 1991). 
RV=Rampur volcauics (Bhat and Lefort, 1992). All the basic rocks compare 
with the CT. 0IT= ocean island tholeiites; CT= continental tholeiites; OFT= 
nud-oceau ridge tholeiites; LKT= island arc tholeiites. Data ou tholeiites of 
diflfereut tectonic settmgs are from the compilation of Hohn (1985), and 
primitive mautle normalising values after Smi and McDouough (1989). 
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CHAPTER-VI 
TECTONIC SETTING 
A brief account of the tectonic setting which was responsible for the 
generation and emplacement of the granitoid rocks are discussed here, in detail. 
An atten^t has also been made to elucidate the tectonic envhonment of the basic 
rocks of the area. This study is also helpfiil in imderstanding the paleo-plate 
configuration during Proterozoic period. 
6.1. Granitoid rocks 
The generation of granitic Uquid is directly or indirectly related to tectonic 
activity, whether associated with extensional or compressional movement. Strong 
correlations between the types of granitoids and tectonic settings have been pointed 
out by Streckeisen, (1970); Pearce et al. (1984); Pitcher, (1983, 1987); Lameyre, 
(1988); Pupm, (1988); Maniar and Piccoli, (1989); Barbarin, (1990); Bonin, (1990); 
and Eby, (1990). Fyfe (1988) beUeves that coUision mechanisms or coUision 
thickening provide a suitable mechanism in crustal melting for large granite masses 
with continental crust chemistry and isotope systematics. Thus it seems there exist a 
direct Unk between the tectonic setting and granite generation. 
Pearce et al. (1984) have classified the various granite types into four main 
groups according to their intrusive settings as - ocean ridge granites (ORG), 
volcanic arc granites (VAG), within-plate granites (WPG) and collision granites 
(COLG). These granites within each group may be fiirther subdivided according to 
their precise settings and petrological characteristics. The ocean ridge granite group 
generally encompasses only granitic rocks that either belong to the oceanic crust 
itself or form part of layred ophiolite sequences. The ORG rocks can be subdivided 
into subduction related and subduction-unreltaed on tectonic criterion and into 
normal, anomalous and as supra-subduction zone (SSZ) on the basis of the 
chemistry of their associated basahs. Volcanic arc granites appear to have tholeiitic 
through calc-alkaline to shoshonite afGnities and pertain to subduction related 
origin. These do include rocks of the tholeiitic series but calc-alkaline rocks are 
more common. The VAG rocks can be subdivided into intraoceanic and 
intracontinental on tectonic criterion. Within plate granites can be tectonically 
subdivided into intraoceanic, intracontinental and attenuated continental hthosphere 
according to the nature of the crust into which they were intruded. The coUision 
granites are subdivided tectonically according to the type of coUision mvolved 
(continent-continent, continent-arc, arc-arc) and to the temporal relationship with 
the major deformation event (syn-coUision, post-coUision). 
The key features of different group of granites were illustrated in the form of 
ORG normalized geochemical patterns. The normaUsuig factor (ORG) is a 
hypothetical granite, calcxxlated as the product of fractional crystallization of 
average N-Type MORB by appUcation of the Rayleigh fractionation law. The 
elements used in these geochemical patterns are those that behave mcompatibly 
during fractionation of MORB to acid composition. Pearce et al. (1984) have also 
used trace element vs. Si02 variation diagrams to discriminate the granites; they 
found that some of the trace elements form perfect discriminants among the granite 
groups. For example, Rb forms an ahnost perfect discriminant between ocean ridge 
and within plate granites and between volcanic arc and syn-collision granites. Nb 
and Ta are generally more enriched in within plate granites than hi other granite 
types. Some of the discrimination plots were used m the present study to elucidate 
the tectonic setting of the Randal granitoids. 
On Si02 vs. Y, Yb and Nb variation diagrams (Fig. 6.1), the Bandal 
granitoids plot in WPG + ORG fields, whereas they depict clear syn-coUisiou 
granite signatures on Si02-Rb bivariate plot (Fig. 6.1). Further, the tectonic 
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discrimination of granites can be obtained by using some most effective elements 
which vary significantly in different granite groups like Rb, Y (or Yb) and hfb (or 
Ta). Projected on Y-Nb and (Y + Nb)- Rb diagrams (Fig. 6.2; Pearce et al., 1984) 
most of the Bandal granitoids M in the VAG + syn- COLG field of Y-Nb and in the 
syn-COLG field of (Y + Nb)-Rb diagrams. A Zr-Y-Sr discriminant diagram 
representing HFS (Zr), LIL (Sr) and REE (Y) elements, respectively has been 
proposed by Kutsukake (1993). Most of the Bandal granitoid samples plot in 
collision related granites in this diagram, however, some samples are concentrated 
beyond the COLG and WPG fields (Fig. 6.3). 
Harris et al. (1986) have presented a comprehensive picture of geochemical 
characteristics of coUison-zone magmatism and proposed four groups of granite 
intrusions, each associated with a particular stage m the tectonic evolution of a 
collision zone. They are : (I) Pre-coUision calc-alkaUne (volcanic-arc) intrusions 
that are mostly derived from mantle modified by a subduction component and are 
enriched in LIL elements : (ii) Syn-coUision peraluminous intrusions which may be 
derived from the hydrated bases of continental thrust sheets and are generally 
characterised by High Rb/Zr and Ta/Nb and low K/Rb ratios : (iii) Late or post-
coUision calc-alkaline intrusions which may be derived from a mantle source but 
undergo extensive crustal contamination and contain higher ratios of Ta/Hf and 
Ta/Zr than volcanic-arc intrusions (iv) Post-coUision alkaUne intrusions which may 
be derived from mantle Uthosphere beneath the coUison zones which has high 
concentrations of both LIL and HFS elements. 
The Group-U (peraluminous syn-COLG) granite characteristics of Bandal 
granitoids is evident on Rb/Zr-Si02 plot (Fig. 6.4). In all the trace element 
discrimination diagrams, though a syn-COLG character is clearly depicted by 
Bandal granitoids; however, overlap into different fields can also be observed. 
Harris et al. (1986) explain that since plate coUision is a dynamic event which 
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Y X 2 
Fig. 6.3. Zr-Y-Sr ternary diagram (after Kutsukake, 1993) for Baudal giaiiitoids 
Symbols as in Fig. 6.1. 
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evolves from an initial stage of oceanic lithosphere subduction through a period of 
continental orogeny and crustal thickening to a period of stabilized continental 
lithosphere, a range of source regions for collision magmas is in:q)Ued and overlap 
with other tectonic settings is predictable. An ocean ridge granite normalized 
geochemical pattern is drawn for comparison with syn-COLG of Pearce et al. 
(1984) and with Group-H granites of Harris et al. (1986). It is seen in the Fig. 6.5 
that the significant high amount of Rb and very low concentrations of Ce, Zr, and 
Sm concentrations of Bandal granitoids are consistent with Group-H syn-COLG 
rocks (Fig. 6.5, inset), thereby indicating the syn-collision tectonic setting of these 
granitoid rocks. 
The Bandal granitoids correspond to group-I (orogenic granitoids) which 
includes lAG + CAG + CCG + POG (Fig. 6.6) on the discrimination diagram 
proposed by Maniar and Piccoli (1989). However, a probable discrimination 
between CCG and lAG + CAG can be made on the basis of molar AI2O3/ (CaO + 
K2O + Na20) ( A/CNK) ratio. A contmental collision granitoid (CCG) nature of 
Bandal granitoids is impUed from their peraluminous natiu^e with A/CNK >1.05. 
R1-R2 diagram, proposed by Batchelor and Bowden (1985) represents the 
whole spectrum of magmatic activity during and after orogenic cycles. Rl, R2 
parameters are in multications given by De la Roche et al. (1980) and are 
represented by Rl = [4Si - 11 (Na + K) - 2 (Fe + Ti)], R2 - [6Ca + 2Mg + Al] . 
The Bandal granitoid samples are concentrated in syn-collision tectonic field (Fig. 
6.7) on Rl- R2 diagram. A few leucocratic samples plot in anorogenic field which 
may be because of their lower R2 values, thus reflecting the influence of crystal 
fractionation. The syn-collision field in R1-R2 diagrams is also considered to be 
equivalent of anatectic two mica leucogranite field of Lameyre and Bowden (1982). 
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The anorogenic or A-type granites are characterised by (per) alkaline felsic 
rock associations (Bonin, 1990). A-type granites are chemically characterised by 
having low CaO and low AI2O3, high FeOt/MgO, high K20/Na20, high absolute 
alkaU abundance, high REE (except Eu) and HFS elements and low Sc, Cr, Co, Ni, 
Ba, Sr and Eu (Eby, 1990). Since Bandal granitoids depict most of the 
characteristics of orogenic granite, with more specifically a syn-coUision tectonic 
environment in all the discriminant diagrams, an anorogenic rifiting environment is 
ruled out. On the other hand the Bandal granitoids may be grouped under ' C s j ' 
(crustal shearing and thrusting) subdivision of orogenic granitoids according to 
Barbarin (1990). The €57 group of rocks are intrusive two-mica leucogranites 
associated with major crustal movement occuring during a coUisional event. In a 
broad sense the Cgx group pertains to crustal granitoids which are formed due to 
continent-continent collision. 
The overall geochemical characteristics of Bandal granitoids are compatible 
with syn-coUision peraluminous granitoids of Himalaya and Hercynides (Harris et 
al., 1986). If the current model is true then a continental coUision regime at ~2 Ga 
between two Archean crustal domains in Indian continent seems to have prevailed. 
But it is very difficult to envisage the two domains which were involved in the 
collisional event. It is mainly because the Archean tectonics in India are poorly 
represented, evidence of suture zone or ophiolites are not available. This may be 
because a large portion of the Indian continent is unfortunately concealed by a late 
Proterozoic sedimentary basins and more likely because of the Tertiary Himalayan 
tectonics (overthrusting etc.,). Although the discriminant diagrams after Pearce et 
al. (1984) are mainly based on Phanerozoic rock analyses and therefore their 
applicability to Proterozoic rocks (in present case) is doubtful, these diagrams have 
been widely used for Archean rocks also (Cimey et al., 1990). Similar tectonic 
environment is also obtained for Bandal granitoids after using the discrimianant 
diagrams by Maniar and Piccoli (1989) which are applicable to both Phanerozoic 
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and Proterozoic rocks. Moreover, some of the indirect evidence like high Rb and 
Rb/Zr, and low conentrations of HREE, Y and Zr which are considered to be the 
characteristic features of syn-collision peraluminous granites argue in favour of the 
inferred tectonic setting for Bandal granitoids. 
Pearce et aL (1984) emphasised that the fields on the discriminant diagrams 
strictly reflect source regions and melting (and crystallization histories) rather than 
tectonic regimes. It may be postulated the Bandal granitoids were emplaced during 
period of crustal thickening. It is generally envisaged that during crustal thickening 
because of crustal overthrusting, the volatiles, driven off the wet sedimentary 
wedges, may penetrate the hot overlying thrust sheet causing anatexis. This process 
is widely accepted for the generation of granite magmas at crustal levels (Harris et 
aL, 1986; Fyfe, 1988). 
6.2. Metabasic rocks 
An attempt is made to elucidate the tectonic setting of emplacement of 
basic rocks. During the last two decades, many tectonomagmatic geochemical 
discriminant diagrams, based on major and trace element abundance and ratios were 
formulated which are being used widely in plaeotectonic reconstructions. While 
using the discriminant diagrams for metamorphic basic rocks, one has to be very 
carefixl about the elements being adapted. The elements of high ioinic potential such 
as Ti, Zr, Y and Cr are considered to be efifectrvely immobile (Cann, 1970) and 
therefore are most suitable for use as tectonic discriminants. Most of the 
discriminant diagrams are based on the data bank fi-om modem volcanic rocks. 
While using these discriminant diagrams it is therefore necessary to keep it in mind 
that the field boundaries depicted by modem volcanic rocks serve merely as a 
reference fi-amework with which the ancient data can be compared (Pharaoh and 
Pearce, 1984). A review work carried out by Wang and Glover III (1992) on 
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chemical discriminant diagrams and patterns indicate that interpretation of 
geochemical data some times not only becomes difficult in identification of proper 
tectonic setting of particular volcanic rocks but it may lead to misidentification 
also. They fiuther observed that particularly the continental rift basalt invariably plot 
outside the within-plate field. Before drawing any conclusion on the tectonic 
setting of the basalts, it is essential to incorporate field and petrographic 
observations in addition with major and trace elment chemistry (Wang and Glover 
m, 1992). 
Ti02 - Zr covariation diagram 
It is one of the most commonly used discriminant diagram This diagram 
has an advantage to distinguish between a volcainc arc and within plate basalt, 
although many basalts plot m one of the areas of overlap. The basic intrusive 
samples and Bhallan volcanics plot in within-plate basalt field; some samples, 
however, fall in the overlap field (Fig. 6.8A). 
Ti/lOO - Zr - 3Y ternary diagram 
It is the most important discriminant diagrams used for tectonic 
classification of basahic rocks. This diagram was designed by Pearce and cann 
(1973) to separate WPB from basahs of other tectonic settings. Significantly this 
diagram has the capability of distinguishing between LIL - enriched patterns that are 
caused by subduction and those that represent contaminated continental basahs. 
All the Bandal basic samples he in within - plate basalt field (Fig. 6.8B). 
For fiuther corroboration of the WPB tectonic setting of the basic rocks 
under study, N-MORB normalized geochemical patterns were drawn. These muhi-
element spidergrams provide useful means for comparing basahs of different 
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Fig. 6.8. (a) Ti —Zr (after Pearce, 1982), (b) Ti/100-Zr-3Y (after Pearce aud Cami, 
1973) discrimination diagrams for Bandal basics depicting their within-plate 
basalt (WPB) characteristics. FiUed triangle, mtrusives in Bandal granitoids, 
open circle, Bhallan volcanics. 
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tectonic settings. Since spidergrams include LIL elements, HFS elements and REE, 
the relative enrichment and depletion of the elements will provide a valuable 
information about the petrogenetic process or source characteristics of any suite. 
Fig. 6.9 illustrates a good conqjarison between the chemical patterns of Bandal 
basics and within - plate tholeiitic basalts. 
The most incompatible elements, Ba and Nb are most enriched whereas Y 
and Yb (conqiatible with gamet) and Sc and Cr (compatible with all mafic phases) 
show little change relative to tholeiitic mid - ocean ridge basalts. Pearce , (1982) 
argues that most of the elements, except Sr (compatible with plagioclase) and Sc 
and Cr (com5)atible with mafic phases), have low bulk distribution coefficients 
between basalt magma and a crystallizing assemblage containing olivine, 
plagioclase, and chnopyroxene. Therefore, as the fi-actional crystallizaion proceeds 
the magma vsdll be enriched m incon:q)atible elements. This observation impUes that 
the multi - element spidergram of Bandal basic rocks with an enriched inconq)atible 
element pattern indicate the involvement of fi-actional crystallization process in the 
generation of these basic rocks. However, as noted above fractional crystallization 
does not significantly change ratios of elements with similar degrees of 
incompatibility (e.g. La/Nb, ZrlY). 
re203* - MgO covariation diagram 
To mvestigate the iron enrichment in different mafic suites, a sUght modified 
diagram has been proposed by Pharaoh and Pearce (1984) in which the total iron is 
plotted as Fe203* agamst MgO. The three trends, A, B, C shown in the diagram 
correspond to the oceanic and contienental tholeiitic suites (A) island arc tholeiitic 
suites (B) and island arc calc-alkaUne suites (C), respectively. The basic intusives 
and Bhallan volcanics of Bandal area follow the trend 'A' in YQ202^ - MgO 
covariate diagram (Fig. 6.10). It is generally observed that the mafic suites which 
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Fig. 6.10. Fe203t vs. MgO covariation diagram for Baudal basics. Trends for oceanic 
and continental tholeiitic suites (A), island arc tholeiitic suites (B) and island 
arc calc- alkaline suites (C) after Pharaoh and Pearce (1984). Symbols as in 
Fig. 6.9. 
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plot in WPB or MORB on other trace - element dicriminant diagrams, follow trend 
A (Pharaoh and Pearce, 1984). 
Since no isotopic data is available on these basic rocks, it is very difficult to 
determine the precise tectonic environment of the tholeiitic basalts. However, the 
geochemical signatures of Bandal basic rocks indicate that they were probably erupted m 
a rifted continental setting environment. 
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SUMMARY AND CONCLUSION 
The Bandal gneissic conq)Iex (BGC) is ejq)osed in the core of the Kulu-Ranq)ur 
window in NW Lesser Himalaya. The BGC covers vast area of about 500 sq km, 
extending from Garsah valley in the north to south of Sarahan in Sutlej valley; 
enconqjasses between latitude 310 30'and 31° 55' and 770 5' and 77° 35" longitude. The 
BGC essentially comprises of a bathoUthic body (Bandal bathoUth) and associated 
volcano-sedimentary rocks (phyUites, chlorite schists, thin quartzite beds and basic 
protoUths of various sizes). The Bandal bathoUth is a conq)osite plutonic body consists of 
granite gneisses and granites with associated aphtes and pegmatites. The amphibohtic basic 
intrusive bodies trending NW-SE occur as enclaves in the Bandal granitoids. No genetic 
relation between the host granitoids and basic enclaves is foimd. The Bandal gneissic rocks 
are rimmed by interbedded volcano-sedimentary sequence; the sequence consists of pure 
white Manikaran quartzitic rocks with well preserved primary sedimentary structures and 
basic rocks. The contact between the granite gneisses and surrounding volcano-
sedimentary rocks has been observed to be tectonic in nature which is evidenced by the 
development of intensively deformed and sheared zones. The shear zones are ductile in 
nature and are characterised by pulverised phyUonite rocks. Axial plane fohation and 
crenulation cleavages are developed in the shear zones. Folding pattern varies from 
mcUned to upright; the axial plane of the folds are iatruded by later formed pegmatitic 
phases. 
Based on field, coupled with petrographic and geochemical criteria, three different 
granite types were deUneated and deciphered within the Bandal bathoUth; they are: Coarse 
grained porphyritic gneiss (CPG), Fine grained gneiss (FG) and Leucogranite (LG). The 
cross-cutting relationship indicate that the CPG is the earUest phase among the three which 
is foUowed by fine grained gneiss and leucogranite. The three main phases reveal near 
homogeneous mineralogy, consists of quartz, plagioclase, k-feldspar, muscovite + biotite. 
The chief accessories include zircon, apatite, garnet ± iron-oxides. Biotite is the main 
ferromagnesian mineral in the granitoids. 
The granitoids are siUca rich (Si02=66-71%), perahmunous monzogranite to 
granite in composition. All the granitoid rocks exhibit sub-alkaline to calc-alkaUne 
characteristics. The higher molecular ratio of Al203/(Na2O+K2C)+Ca0) corre^onding 
to more than 1% normative corundum classify the Bandal granitoids as S-type according 
to Chappell and White's (1974) classification. There is systematic enrichment in K2O, 
Na20 and Rb and depletion in Fe203t, CaO, MgO, Ti02, P2O5, Sr, Ba and Sc. The close 
geochemical similarity among the three phases points to a common evolutionary 
mechanism. The geochemical trends shown by the three phases on different variation 
diagrams strongly suggest that firactional crystallization could have played an in^ortant 
role in the generation of the granitoids. The earUer phase (CPG) with more mafic 
mineralogy represents the least fractionated granite compared to the more evolved 
younger phase (LG). The granitoids show LREE enriched and HREE depleted rare earth 
element patterns; they exhibit moderate to high Eu anomalies. 
On mineralogical, textural, and chemical grounds, neither restite incorporation nor 
magma-mixing can be considered as major factors contributing to the chemical variation of 
the Bandal granitoids. Although some of the minerals like zircon and garnet may represent 
restite minerals in the Bandal granitoids, their low concentration suggest that restite 
mrmixing was not a major process involved in the evolution of the granitoids. Further, the 
textural characters of the minerals m granitoids strongly argue against to the restite-
umnixmg model. The non-hnear trends exhibited by most of the granitoids in Marker 
variation diagrams is m general agreement that any two-end member mixing process is 
inadequate to explain the data. The absence of any mafic end member in the granitoids also 
substantiate the afore said inference. To explain the variation in the Bandal suite, a 
differentiation mechanism mvolving separation of early formed minerals appears to be a 
most suitable model. The overall felsic nature of the suite miUtates against an origin by 
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crystal fractionation of a basaltic parent. The high strontium initial ratios 
(8'7sr/86Sr=0.7083), together with the peraluminous mineralogy of the granitoid suite 
indicate that the magma formation mvolved partial melting of metasedimentary rocks 
(White and Chappell, 1977). The aluminous mineral saturation of the granitoids which is 
reflected in high normative corundimi values indicate that the pehtic-psammopehtic rocks 
are Ukely to be the dominant Uthology m the soiu:ce region. One of the evidence of the 
soiu:ce rocks for the Bandal granitoids is indicated by the occmrence of peUtic to 
psammopeUtic enclaves encountered in the granitoids. The experimental studies by Douce 
and Johnston (1991) on the origin of peraluminous granitoids suggest that the rocks of 
psammitic derivation appears to be much more better protohths for granitoid magmas. 
The decreasing trends of the elements Uke Ti02, CaO, P2O5, Zr, Sr, Ba and Sc in 
Bandal granitoids indicate the fractional crystallization of zircon, titanite and apatite apart 
from the major phases, plagioclase and biotite from the magma. In addition to this, it can 
also be argued that some ferromagnesian minerals had to have fractionated to accoxmt for 
the decrease in MgO, and Fe203t concentrations with increasing differentiation. Also, the 
steep heavy rare earth element depleted patterns of strongly peraluminous Bandal 
granitoids are best explained by garnet fractionation (Ortega and Gil Ibarguchi, 1990). The 
fact that the Bandal granitoids are richer in silica and alkalies and poorer in mafic 
components than their putative metasedimentary protohths requkes that fractionation 
between felsic and mafic phases might have taken place during crustal anatexis. The 
granite emplacement is coeval with temperature and pressure conditions of about 700^ C 
and 4 - 5 kbar. The parental granitic magma was sUghtly H2O undersaturated during the 
early stages of crystallization but H20-saturated residual melts were evolved during the 
final stages of crystallization. The depth of emplacement is estimated to be around 15-20 
km. 
The geochemical characteristics of Bandal granitoids are consistent with their 
derivation from metasedimentary protoUth of most probably Archean or pre-Proterozoic 
170 
age. It is inferred that the soiirce sediments are in \mexposed basement. There is no need 
to invoke any major heterogeneities within the soxirce rocks to account for the 
differentiation of different granite types, but local variations in the source rocks are 
inevitable and may well account for part of the spread of chemical data, particularly in 
CPG and FG. in summary, using different discrimination diagrams of Pearce et aL (1984) 
and Maniar and Piccoli (1989), the Bandal granitoids are interpreted as most hkely 
en5)laced within a syn-colMonal tectonic environment. 
The Bandal basics (intrusives in Bandal granitoids + Bhallan vocanics), aligned to 
the Himalayan trend (NW-SE), are represented by fine to medium grained amphibohtic 
rocks. The prime mineralogy of the basics include plagioclase, hornblende, diopside and 
biotite. Epidotes and chlorites are the secondary minerals. They are classified to be 
continental Fe-rich tholeiites which are enriched in LREE and LIL elements. Most of the 
elements exhibit smooth linear correlations when Zr is used as an index of differentiation. 
The moderate enrichment of MgO in the basic rocks resulted in overall low to medium Mg 
numbers. Most of the rocks have low q-normative conq)ositions. 
Some of the important geochemical characters depicted in variation diagrams 
indicate that the primitive magmas have undergone crystal firactionation of mineral phases 
like olivine and pyroxene together with plagioclase to generate the basic rocks of Bandal 
area. However, a large variation in incompatible element ratios (e.g., LaAfb, Zr/Y, Ti/Y, 
Zr/Nb) in these rocks represent different degrees of partial melting fi-om a common source. 
Further this inference is also substantiated by a (La/Yb)^ vs. (La)^ plot where the 
samples that were formed by lower degrees of mehing contain higher amounts of (La)jsf 
and (LaAT))N and plot separately fi-om those samples which contain lower contents of 
(La)N and (La/Yb)^. The incompatible element ratio plots hke Nb/Y-TVY (Pearce, 1982) 
and spidergrams indicate that the Bandal tholeiites show enriched mantle source 
characteristics. The high LREE/HREE ratio and low Nb, P, and Ti concentrations 
171 
combined with high and variable Fe/Mg ratio of the basic rocks suggest the source 
enrichment through a hydrous sihcate meh phase. 
In all the discrimination diagrams, the basic rocks of Bandal area exhibit within-
plate basak characteristics. The N-MORB normaUsed multi-element geochemical pattems 
for these rocks also very well match with the typical LILE-enriched continental tholeihic 
within-plate basalt pattern of Pearce (1982). A continental rifting tectonic setting is 
mferred for the Bandal basic rocks. 
Most of the geochemical characteristics of Bandal basics have been observed to be 
m harmony with the other Proterozoic basic rocks from the Lesser Himalaya (Ahmad and 
Bhat, 1987; Ahmad aad Tamey, 1991; Bhat and LeFort, 1992). Particularly, the essential 
characteristic features like typical tholeiitic nature, overall low Mg nimibers with chemical 
features mdicating the involvement of fractional crystallization are consistent with the 
geochemical signatures of Rarnpiw volcanics that exist in the southern part of the Bandal 
bathoUth. 
After carefiil examination of the existmg models and the results of present work in 
Kulu-Rampur region the following scenario emerges: 
1. Field and geochemical characteristics of the mtrusive basic rocks in Bandal granitoids 
and basic flows associated with Greenbed and Bhallan members have striking similarities 
with the Rampur volcanics, which represents a part of volcano-sedimentary sequence of 
the surrounding rocks of Bandal bathoUth. 
2. Since the basic rocks intrude into the granitoids, the basic rocks are obviously younger 
than 1840 Ma Bandal suite. Thus it can be inferred that the Bandal granite, which is older 
than the surrounding volcano-sedimentary rocks, is considered to be a basement rock for 
the surrounding sequence. 
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3. The absence of granite tongues , aplitic or pegmatitic veins in the surrounding 
Manikaran quartzites and the presence of sheared contact between the two strongly 
supports the basement nature of the Bandal granite. However, the tongue Uke bodies in the 
Manikaran quartzites which were shown in Sharma's (1977) map are interpreted as the 
splays resulted because of thrusting of the Bandal granite over Manikaran quartzite (see 
Fig. 2.4). Similar conclusions have been observed in the adjacent Wangtu Gneissic 
Complex (KKSharma, person, commxm., 1996), where the Wangtu gneisses form the 
basement rocks for its surrounding volcano-sedimentaries. 
4. In the hght of above mentioned observations, it appears that the 2.5 Ga age of the 
Rampur volcanics (Bhat and LeFort, 1992) needs to be re-examined. However, based on 
the present studies, it may be inferred that the volcanic activity m Bandal area (including in 
Bandal granitoids, Bhallan member and Rampiu" area) has taken place around 1200 Ma. 
5. A tectono-magmatic model depicting the sequence of evolution of the Kulu-Rampur 
belt has been proposed here. According to this model, the stratigraphic sequence of the 
Banjar Formation is as follows: 
Banjar Formation' 
Bhallan Member 
Greenbed Member 
Manikaran Member 
Bandal Granite 
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Proposed tectonomagniatic evolutionary model of the Kulu-Rampur region 
A=Initiatioa of Lesser Himalayan Proterozoic rifted basin with Archaean-Early 
Proterozoic granitic basement; B=Deposition of various sediments with an 
unconformity and deepening of the basin during Middle-Lower Proterozoic period, 
C= Further deepening of the basin, and D= Present scenario mdicating development 
of Kulu-Rampur window and related tectonic features that resulted during ffimalayan 
orogeny. R. N. Thrust=RaoU-Nagni Thrust 
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